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(i) 
ABSTRACT. Fertilizations by diploid rabbit spermatozoa cannot be 
as - a=s an 
precluded on grounds of either reduced viability or abnormal functional 
anatomy of head Structures. However, the cervix has been shown to 
Constitute a major barrier to the progression of diploid spermatozoa to 
the site of fertilization. The almost total absence of double-tailed 
spermatozoa from the cervix indicates that the selectivity of sperm 
transport is most probably based on differential sperm motility. This 
finding is supported by the failure of detergent-killed spermatozoa to 
penetrate the cervix, and also by in vitro experiments using systems 
in which the distribution of spermatozoa is affected by their swimming 
abilities. There is no evidence for any active selection of spermatozoa 
by the female tract. Therefore those diploid spermatozoa whose only 
apparent fault is their larger size would seem to be potentially 
capable of fertilizing. So although the actual involvement of diploid 
spermatozoa in the production of triploid zygotes in the rabbit is 
unknown, the possible incidence of such diandric triploids will be much 
less than the simple incidence of diploid spermatozoa in the semen. 
Studies of sperm transport in the human female tract have shown 
that the apparent selection for spermatozoa of normal morphology can be 
attributed to the general principle that those spermatozoa with 
abnormalities which impair their motility are excluded from the cervix, 
whilst those with abnormalities which do not affect motility will have 
the same chance of reaching the site of fertilization as 'normal' sperm-
atozoa. Again the spermatozoa select themselves, with the female tract 
playing an essentially passive role. 
Ultrastructural studies on rabbit and human spermatozoa have 
emphasized the stability and complexity of fine structure of the post-
acrosomal sheath. These findings are considered in relation to a 
possible role for this region in the maintenance of the Structural 
integrity of the sperm head. 
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FRONTISPIECE 
Extract from a letter by Antoni van Leouwenhoek to the Royal Society* 
dated 30th March 1685 in which he describes the first recorded 
experiments on sperm transport in the female reproductive tract of 
rabbits. 
After this I obtained a rabbit in hct which was mated with a 
male in my presence three times. this taking about one minute. I 
then had it killed and brought to my house, so that. by the time I 
had removed the womb. about a quarter ot an hour had elapsed 
since the mating. I then opened the horn of the womb. about a 
finger's breadth from the place where the horns of the womb begin, 
whence 1 took a Small portion of a liquid substance containing 
some living animalctiles, being the seed Of the male rabbit. But when 
I examined the substance taken from the horn of the womb, Just 
where it starts from the vagina. I saw an innumerable quantity of 
these living animalcules. But 1 could find none of these animalcules 
in the substance contained by the horn of the womb tip to the place 
where it narrows down, nor in its centre: all I saw was a few globules 
of blood floating in a small amount of fluid. The reason why I did 
not find any animalcules from the male seed everywhere in the horn 
of the womb was. I believe. simply because the male seed had not 
been in the womb long enough. and that, moreover, the time had 
been too short for the animalcules to travel right through the horns 
of the womb. 
*From: "The Collected Letters of Antoni van Leeuwenhoek. Edited, 
illustrated and annotated by a committee of Dutch scientists". 
Volume V, p. 187. Published by Swets & Zeitlinger Ltd., Amsterdam, 
1957. 
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GENERAL INTRODUCTION 
Amongst the extensive literature on mammalian sperm 
structure there are descriptions of various specific morphological. 
abnormalities (for reviews see Bishop & Walton, 1960; Hancock, 1972; 
Jones, 1975; Baccetti & Afzelius, 1976). When present at high levels 
in the ejaculate these structural defects adversely affect fertility 
and are therefore considered to render the affected spermatozoa non-
functional. However, there are commonly as many as 40% abnormal 
forms in the ejaculates of normal fertile men (Eliasson, 1975; 
Sobrero & Rehan, 1975). The aetiology of this unique phenomenon is 
not at present undrstood but it has been noted that the incidence 
of these abnormal spermatozoa is much reduced by the time they reach 
the site of fertilization (Ahlgren, Boström & Xvlalmqvist, 1974). 
This 'filtering out' of morphologically abnormal spermatozoa seems 
to occur mainly at the level of the cervix (for reviews see Odeblad, 
1968; Davajan, Nakamura & Kharma, 1970; Moghissi, 1973a,b; Davajan 
& Nakamura, 1975). Similarly, removal of non-functional spermatozoa 
by the cervix from the population of spermatozoa which enters the 
uterus has also been described in several species of ruminant (for 
review see Mattner, 1973). Further selection may occur at the utero-
tubal junction, which is the primary site of sperm selection in 
uterine inseminators (see Hunter, 1974; Krzanowska, 1974). These 
observations have led to a general belief in the existence of 
selectivity of the sperm transport process although the mechanisms 
whereby it is effected are not fully understood. 
Clearly more information is needed on the mechanisms of 
sperm transport and on how these influence the Composition of the 
es 
population of spermatozoa which reaciX the site of fertilization 
..2.. 
before interference with sperm transport can be considered as a 
potential method of fertility control. Although more numerous and 
more critical studies of sperm transport in vaginal inseminators have 
been carried out in laboratory and farm animals (for reviews see 
Blandau, 1969, 1973; Bedford, 1972a; Thibault, 1972), much of the 
information obtained cannot be used directly to explain sperm transport 
in humans. There exist great differences between species, not only 
in copulatory behaviour and tIi anatomy of the penis and the site of 
insemination, but also in the physiological and biochemical character-
istics of the semen and the secretions of the female tract. However, 
research on sperm transport in humans is fraught with ethical and 
logistic complications which make it impossible to perform carefully 
controlled series of experiments. Tht±refore the present study, whilst 
making maximum use of available human material, has required the use 
of an animal model (in full realisation of its eRm inherent limitations) 
for determining the true existence, extent and basis of selectivity 
of the sperm transport process. 
The normally very low incidence of particular abnormal forms 
of spermatozoa in domestic animals is a problem when considering their 
use for studies of selectivity of sperm transport. However, the 
discovery of a strain of rabbits with a relatively high incidence of 
easily identifiable diploid spermatozoa (Beatty & Fechheimer, 1972; 
Carothers & Beatty, 1975) has provided a usable model. Observations 
on the fate of diploid spermatozoa in the female tract of rabbits 
would not only yield data on any selectivity of the sperm transport 
process and perhaps give an insight as to its basis, but would also 
help to elucidate the relative importance of the various potential 
causes of triploidy, at least in the rabbit. 
.. 3 
Owing to the broad scope of the present studies it was 
considered appropriate to restrict this General Introduction to 
general concepts and the basic principles behind the project. It 
would therefore have been unwise to try and incorporate a complete 
survey of all the pertinent literature at this stage. Consequently 
each Chapter includes an evaluation of the relevant literature 
appertaining to it. 
4 
AIMS OF THE PRESENT STUDIES 
To determine whether diploid spermatozoa in the rabbit 
ejaculate are viable. 
To determine whether diploid rabbit spermatozoa deposited 
in the vagina reach the site of fertilization, and whether their 
distribution in the female tract is affected by the method of 
semen deposition in the vagina (i.e. coitus or A.I.). 
In view of the absence of any efficient technique for the 
separation of diploid rabbit spermatozoa from haploids, to 
determine, by ultrastructural studies, whether diploid spermatozoa 
could be intrinsically fertile (at least in terms of their 
functional anatomy). 
To investigate the transport of spermatozoa in the human 
female reproductive tract, with special reference to the 
morphology of the spermatozoa recovered from the various levels 
of the tract. 
Using the information obtained from (2) and (4) to attempt 
to elucidate the extent of, and factors responsible for, any 
selectivity of the sperm transport process in mammals with 
vaginal insemination. 
To study the postacrosomal sheath of the mammalian sperm-
atozoon at the ultrastructural level, using 'chemical dissection' 
techniques, as a possible means of determining its functional 
significance. 
. . 5 . . 
cnpn1I1 ONE 
THE EXISTENCE, INCIDENCE AND VIABILITY 
OF DIPLOID SPERMATOZOA IN RABBIT EJACULATES 
INTRODUCTION 
Observations on ejaculated rabbit spermatozoa revealed the 
existence of a small group of spermatozoa whose heads have an area in 
optical projection of xl.532 (± 0.034 S.E.) that of the majority of 
the spermatozoa in an ejaculate (Beatty & FLchhcinIer, 1972). These 
spermatozoa with large heads were interpreted as being diploids. 
Feulgen-DNA absorption measurements have shown that they constitute 
a discrete population and have a DNA content twice that of the other 
spermatozoa (Carothers & Beatty, 1975). It was proved that, in the 
rabbit, it is possible to recognise individual haploid and diploid 
spermatozoa with a high degree of confidence by visual appraisal of 
head size. 
Diploid, or presumed diploid, spermatozoa have also been 
reported in the bull (Gledhill, 1964, 1965; Salisbury & Baker, 1966), 
the mouse (Krzanowska, 1974; Stolla & Gropp, 1974; Carothers & 
Beatty, 1975), and in man (Sumner, 1971; Carothers & Beatty, 1975; 
Beatty, 1977). In both the bull and mouse, diploid spermatozoa 
constitute small and discrete, or nearly discrete, groups which can 
also be readily identified by visual appraisal of head size. However 
in man the correspondence between visually-appraised classes and DNA-
scored ploidy is not perfect (Carothers & Beatty, 1975). 
If a diploid spermatozoon were to fertilize a normal oocyte 
the resulting triploid embryo would be non-viable. It has been 
suggested (Beatty, 1974) that 40% of the cases of human triploidy 
(i.e. about 0.6% of all conceptions) can be attributed to diploid 
spermatozoa rather than to either fertilization of chrosomally-
doubled eggs by normal spermatozoa or to dispermic fertilizations. 
However, it seems that diploid spermatozoa probably play little or 
no part in the production of triploid zygotes in the rabbit (Fechheimer 
& Beatty, 1974). 
This apparent failure of diploid rabbit spermatozoa to 
contribute to the production of triploids would seem to indicate that 
they have a reduced chance of fertilizing an egg compared to normal 
haploid spermatozoa (as has been suggested in man, Schindler & Mikaino, 
1970; Sumner, 1971). Although the cause of this apparent reduced 
fertility remains to be determined, it would be reasonable to expect 
it to be due to one or more of the following reasons:- 
Diploid spermatozoa may all be dead when ejaculated. 
Diploid spermatozoa may riot survive as long after ejaculation 
as do haploids. 
The motility of diploid spermatozoa may be impaired or totally 
absent resulting in poor penetration of the cervical mucus. 
Diploid spermatozoa may be 'filtered out' by the cervix. 
The transport of diploid spermatozoa through the uteri and/or 
oviducts may be impaired or selectively inhibited because of 
their larger size. 
Physiological mechanisms of the female tract may actively 
'persecute' diploid spermatozoa owing to their being abnormal. 
Even if they reach the site of fertilization, diploid spermatozoa 
may not be able to capacitate or they may fail to undergo, or 
participate in, one or more of the various stages of the complex 
fertilization process. 
The highest recorded natural incidence of diploid rabbit 
spermatozoa is in young (20-40 week) bucks of the AD-strain of dark 
chinchilla rabbits maintained at the Edinburgh Institute of Animal 
Genetics (see Beatty & Fechheimer, 1972). Therefore a survey of 
young bucks of this strain was undertahen to find the best available 
rabbit, i.e. the one with the highest possible incidence of diploid 
spermatozoa in his ejaculates. 
Beatty & Fechheimer (1972) reported a considerably lower 
percentage of live spermatozoa (as determined by nigrosin-eosin 
staining) among diploids than haploids (46% as against 78%) and so 
the results of such a survey would also provide further evidence as 
to the viability of diploid spermatozoa at ejaculation. 
At least a proportion of the diploid spermatozoa in the 
ejaculate are viable and therefore the suggestion that any possible 
fertilizations by them are precluded by their all being dead is 
unto -Lle. iuwever, since a greater proportion of diploid spermatozoa 
tnn rapiuids died prior to ejaculation, IL could be possible that 
diploids continue to die at a higher rate after ejaculation so that 
there are no live diploids among the population of spermatozoa which 
reach the site of fertilization. Therefore the second part of this 
chapter will consider the survival of diploid spermatozoa after 
ejaculation in vitro, and the remaining possibilities listed earlier 
will be considered (albeit with variable emphasis) in the following 
two chapters. 
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A: 	THE INCIDENCE OF DIPLOID SPERMATOZOA AND THE 
PROPORTION ALIVE AT EJACULATION 
MATERIALS AND METHODS 
Semen was collected from young AD-strain bucks using an 
artificial vagina. Ejaculates were assessed subjectively and those 
with low sperm counts and/or low percentages of progressively motile 
spermatozoa were discarded. In the earlier part of the survey (the 
first 4 bucks) the semen was diluted with 0.85% saline so that 
spermatozoa in smear preparations would not be overcrowded. Nigrosin-
eosin smears were prepared by adding an equal volume of stain (Hancock, 
1951) to the diluted semen and leaving the mixture at room temperature 
(ca. 22°C) for S min before preparing smears on cleaned microscope 
slides (see Beatty, 1957) . Five smears were made from each ejaculate 
and, after being allowed to dry in air, were permanently mounted with 
DPX. In the later part of the survey (the last 6 bucks) the semen 
was split into two parts after collection, one part being used for 
the subjective evaluation of semen quality whilst the second was 
immediately diluted with an equal volume of formol citrate to preserve 
the nigrosin-eosin staining characteristics of the spermatozoa (see 
Dott & Foster, 1975). This second part was then further diluted with 
forniol citrate and used for making the nigrosin-eosin smears. 
From each ejaculate 10,000 spermatozoa (2000 from each of 
the 5 slides) were scored at a magnification of x500 and classified 
as haploid (whether live or dead), live diploid, or dead diploid. 
Amongst diploid spermatozoa, those bearing two tails were noted 
separately from those with one tail (the degree of fusion between the 
two tails being disregarded). In a separate sampling, 400 haploid 
spermatozoa (200 from each of the first two slides of the five) were 
classified as live or dead. In all of the classifications, spermatozoa 
showing any degree of eosinophilia were classed as 'deadt and unstained 
spermatozoa were regarded as being 'live' (see Beatty, 1957; Beatty 
& Fechheimer, 1972). Diploid spermatozoa were identified by their 
larger and more pear-shaped heads (see Beatty & Fechheimer, 1972; 
Carothers & Beatty, 1975). 
RESULTS 
From the results presented in Table 1 it can be seen that 
although the total incidence of diploid spermatozoa in the ejaculates 
of the ten bucks is quite variable, the relative proportions of live 
and dead, single- and double-tailed diploid spermatozoa are more 
constant, as is the percentage of live haploid spermatozoa. 	The 
means and standard errors (from the unweighted percentages) are 
sufficient summaries of each column for the present purposes and these 
show that: 
there is a mean incidence of 1.1% diploid spermatozoa in the 
ejaculates of these bucks; 
44.85% of the diploid spermatozoa are alive and have one tail 
while a further 14.13% are alive with partial or complete doubling 
of the tail (and therefore 58.98% of diploid spermatozoa are 
alive at ejaculation); 
C) 	78.0% of haploid spermatozoa are alive at ejaculation. 
Therefore 0.76% of the viable spermatozoa in the ejaculates 
of these rabbits are diploids. 
The survey also revealed the existence of the buck 1 GG3' 
who had the highest ever recorded incidence of diploid spermatozoa 
(2.29%) in his ejaculates. 
TaUe 1: The incidence and relative proportions of live and dead, single- and double-tailed diploid 
spermatozoa, and also the percentage of live haploid and diploid spermatozoa in the ejaculates 
of ten AD-strain bucks. 
Percentages of diploids among Relative prcorticr.s (as 	%) Percentage live 




aouble-tailed single-tailed double-tailed 
in  Haploid Diploid 
weeks) 
2Ns 
live dead live deac live dead live - dead only only 
GG3 (33) 2.29 1.36 0.39 0.33 0.21 59.4 17.0 14.4 9.2 64.75 73.8 
GK9 (22) 0.96 0.33 0.20 0.21 0.22 34.4 20.6 21.9 22.9 69.25 56.3 
GQ3  1.10 0.42 0.43 0.15 0.10 38.2 39.1 13.6 9.1 65.25 51.8 
GQ5  1.12 0.52 0.27 0.16 0.17 46.4 24.1 14.3 15.2 77.25 60.7 
GS5 (38) 0.51 0.25 0.17 0.02 0.07 49.0 33.3 3.9 13.8 84.5 52.9 
GV5 (40) 1.64 0.88 0.40 0.22 0.14 53.7 24.4 13.4 8.5 78.75 67.1 
HA6  0.80 0.30 0.29 0.12 0.09 37.5 36.2 15.0 11.3 92.75 52.5 
HA7 (31) 1.10 0.58 0.22 0.24 0.06 52.7 20.0 21.8 5.5 89.25 74.5 
HB1 (30) 0.67 0.30 0.21 0.05 0.11 44.8 31.3 7.5 16.4 69.0 52.3 
HB2  0.71 0.23 0.22 0.11 0.15 32.4 31.0 15.5 21.1 69.5 47.9 
Mean 1.090 0.517 0.280 0.161 0.132 44.85 27.72 14.13 13.30 78.025 58.98 
+ S.E.M. 0.167 0.112 0.030 0.029 0.017 2.86 2.36 1.74 1.79 3.028 3.05 
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H: THE SURVIVAL OF EJACULATED SPERMATOZOA IN VITRO 
MATERIALS AND METHODS 
The buck 'GG3' was used in this experiment since he was 
found to produce the highest incidence of diploid spermatozoa (see 
above). Immediately after collection of the ejaculate, one drop of 
semen was diluted with 3 drops of forinol citrate and used to make 
nigrosin-eosin smears (as described above). The remainder was divided 
into 3 equal parts and each diluted with 1 ml 0.85% saline, 1 ml 0.93 
modified Baker's medium (0.93 3M medium: see Beatty, 1964), or 1 ml 
Hank's Balanced Salt Solution (Hank's BSS), and incubated at 37 °C 
in sealed glass vials. After incubation for 0, 1, 2, 3, 4, 5, 6 and 
7 h, samples of 0.1 ml were taken from each vial, diluted with 1 ml 
of formal citrate and centrifuged at 500 g for 10 mm. 	After 
resuspension in 2 drops of formol citrate, nigrosin-eosin smears were 
made of the spermatozoa. 
Two smears were made from each sample and after randomization 
and coding of all the slides they were scored under oil immersion (at 
a magnification of x1250) for the percentage of eosinophilic cells 
in counts of 100 haploid and 100 diploid spermatozoa per slide. 
RESULTS 
Figure 1 shows the percentage of live haploid and diploid 
spermatozoa after incubation for periods of up to 7 hours in either 
0.85% saline, 0.93 3M medium or Hank's BSS (the actual results are 
given in Appendix I). While the percentage of live diploid spermatozoa 
is consistently lower than that of live haploids (as it was at the time 
of ejaculation), linear regressions (giving equal weight to each ratio) 
of the survival of diploid spermatozoa relative to that of haploids 
12 
Figure 1: Survival of haploid and diploid rabbit spermatozoa when 
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Table 2: Survival of diploid relative to haploid spermatozoa when 
incubated in various media at 37°C. 
Percentage relative survival* of diploids in: 
Time 	(h) 	 0.85% NaCl 0.93 BM medium Hank's BSS 
0 73.8 70.4 78.4 
1 84.0 72.4 82.6 
2 83.4 74.4 69.1 
3 82.4 66.5 72.6 
4 83.1 74.7 73.3 
5 81.8 78.1 77.7 
6 74.1 72.4 74.9 
7 71.7 76.9 71.8 
Mean 	+ S.E. 79.29 	+ 1.81 73.23 	+ 1.31 75.05 	± 1.53 
Slope ± S.E. -0.813 ± 0.788 +0.771 + 0.529 -0.693 + 0.661 
% live among diploids only x 100 *percentage relative survival = % live among haploids only 
14 
on time gave fitted lines whose slopes did not differ significantly 
from zero (see Table 2). It is hoped that the use of the calculated 
'percentage relative survival' values removed any variation in the 
data due to possible differences in the handling of the samples. 
The results of this experiment show that diploid spermatozoa 




The survey reported here confirms the existence of viable 
diploid spermatozoa in the ejaculates of young AD-strain bucks. The 
average incidence of l.l (or 0.76% of viable spermatozoa) is slightly 
lower than that reported by Beatty & Fechheimer (1972), but the 
differences could easily be due to the small numbers of bucks studied 
in each survey, and also partly to the much smaller numbers of 
spermatozoa counted in the earlier survey. 
The results of the study of the survival of ejaculated 
spermatozoa in vitro indicate that the proportion of live diploid 
spermatozoa in the ejaculate remains constant for at least 7 hours 
after ejaculation. Assuming diploid spermatozoa to be capable of 
fertilization (as has been shown in the mouse (Maudlin & Fraser, 1977), 
see also Chapter 3), the production of diandric triploid zygotes by 
the fertilization of normal eggs by diploid spermatozoa cannot be 
precluded without the involvement of some selectivity of sperm 
transport to exclude these spermatozoa from the site of fertilization. 
Therefore it was decided to determine whether diploid rabbit spermatozoa 
deposited in the vagina can reach the site of fertilization. Use of 
the buck with the highest ever recorded incidence of diploid spermatozoa 




TRANSPORT OF DIPLOID RABBIT SPERMATOZOA TO THE SITE OF 
FERTILIZATION AND SELECTIVITY OF THE SPERM TRANSPORT PROCESS 
GENERAL INTRODUCTION 
This chapter deals with the determination of whether viable 
diploid rabbit spermatozoa present in the ejaculate are as successful 
as haploids in reaching the site of fertilization, with special 
reference to the existence, extent and basis of selectivity of sperm 
transport within the female reproductive tract. Since there exist 
numerous excellent reviews of the process of sperm transport in 
mammals, an area of reproductive biology which has been the subject 
of extensive research for the last half century, this introduction is 
intended only as a brief summary of this knowledge paying particular 
attention to the situation in the rabbit; (see Parker, 1931; Walton, 
1960; Parkes, 1960; Bishop, 1961, 1969; Blandau, 1969, 1973; 
Davajan, Nakamura & Kharma, 1970; Noyes, 1968; Bedford, 1972a; 
Thibault, 1972; Hafez, 1973a,b, 1975, 1976; Moghissi, 1973a,b; 
Jaszczak, 1973; Ahlgren, Boström & Malmqvist, 1974; Hunter, 1974; 
Davajan & Nakamura, 1975). More detailed consideration of the 
mechanisms that determine which spermatozoa reach the oviducts, will 
be found in the Discussion of this chapter. 
All mammals produce many more spermatozoa than are used for 
fertilizing eggs. In the rabbit, for example, only about 1% of the 
100 or more million spermatozoa ejaculated into the vagina reach the 
uterus: of these a similar proportion normally reach the tubal ampulla 
and less than 1% of these will fertilize an egg (Chang, 1951; Braden, 
17 
1953; Turnbull, 1966). This massive wastage has intrigued biologists 
for many years, but despite a wide range of suggestions (e.g. Cohen, 
1975a,b) no complete explanation of this phenomenon has yet emerged. 
Although sperm redundancy is outside the scope of this thesis, the 
dynamics of sperm transport must be relevant to any explanation of 
the situation in mammals. 
The vast literature on sperm transport in the female tract 
of mammals is remarkable for the number of equivocal and often 
contradictory reports it includes. As more information is acquired 
it is becoming increasingly clear that many fundamental species 
differences exist so that very few generalisations can be made. 
However, in those mammals which have intra-vaginal insemination the 
cervix (together with the uterotubal junction and tubal isthmus, the 
major 'barrier' regions in species with intra-uterine insemination, 
see below) clearly acts to restrict the passage of large numbers of 
spermatozoa to the site of fertilization in the tubal ampulla. But 
does the female tract actively select the spermatozoa which enter (or 
leave) this barrier region which, as well as helping to prevent 
polyspermy, also functions as a reservoir to maintain an adequate 
population of spermatozoa at the site of fertilization? 
Selectivity at the level of the cervix has been described 
in several species by numerous investigators (sheep: Mattner, 1963; 
goats: Mattner, 1968; cattle: Beshlebnov, 1938; Mattner, 1968; 
man: Bergman, 1955; Botella-Llusja, 1956; Baker, Cragle, Salisbury 
& Vandemark, 1957; see reviews by Davajan & Nakamura, 1975; Hafez, 
1973a,b; Moghissi, 1973a,b). This selectivity results in the 
population of spermatozoa in the cervix having better overall motility 
and generally improved morphology than the spermatozoa in the semen. 
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Since the weight of evidence supperts a dependence of 
penetration of the cervix on sperm motility (Mattrier & Braden, 1969a; 
Davajan & Kunitake, 1969; Lightfoot & Restall, 1971) the improvement 
in overall sperm motility in the cervix is not surprising. Odeblad 
(1968) asserted that human spermatozoa must possess a normal morphology 
to penetrate the cervical mucus, but Bergman (1955) and Botella-Liusia 
(1956) have shown that the increased Incidence of spermatozoa of 
normal morphology within the cervix upon which this claim is based 
can probably be attributed to the impaired motility of abnormal 
spermatozoa. Species-specificity in the sperm-cervix relationship 
(see Chang & Bedford, 1961; Hancock & McGovern, 1968; Bedford, 1972a) 
is probably due to species differences in the biochemical character-
istics of the cervical secretion and/or the physiological requirements 
of the spermatozoa. 
The passage of spermatozoa along the uterus from the internal 
cervical os to the uterotubal junction is most probably accomplished 
by simple random dispersal of spermatozoa throughout the uterine 
cavity by means of the segmentation type contractile activity of the 
female tract, sperm motility being unimportant (see Blandau, 1969; 
Bedford, 1972a). 
In species with intra-uterine insemination the uterotubal 
junction and tubal isthmus appear to perform similar functions to the 
cervix of vaginal inseminators (i.e. quantitative barrier and sperm 
reservoir) but this does not necessarily mean that they do so in 
species with intra-vaginal insemination. There are numerous reports 
of variable degrees of selection for homoioaous spermatozoa of good 
motility in the rat and pig (see review by Hunter, 1974) and in 
vaginal inseminators (see review by Hafez & Black, 1969), and also for 
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spermatozoa of normal morphology in the mouse (Krzanowska, 1974) and 
in man (Ahlgren, Bostrm & Malmqvist, 197-1). The balance of this 
evidence supports the functioning of the uterotuhal junction as a 
selective barrier, certainly in species with intra-uterine insemination 
and probably also in species with intra-vaginal insemination. 	The 
tubal isthmus acts to restrict the numbers of spermatozoa passing 
through to the tubal ampulla, thereby playing an important role in 
the prevention of polyspermy (Hunter & Lg1ise, 1971a,b). 	This 
function is closely related to its serving as a sperm reservoir. In 
the rabbit, the number of spermatozoa in the isthmus is much greater 
than that in the ampulla (Braden, 1953; Harper, 1973), and Overstreet 
& Cooper (1975) have shown reduced motility of isthmic spermatozoa. 
Similarly, higher numbers of spermatozoa in the isthmus than in the 
ampulla have also been found in rats (Blandau & Odor, 1949) and pigs 
(Du Mesnil du Buisson & Dauzier, 1955a,b; review by Hunter, 1974), 
although the finding of reduced sperm motility in this region of the 
tract has not yet been extended to species other than the rabbit. 
The involvement of motility in the passage of spermatozoa 
through the uterotubal junction and through the isthmus to the ampulla 
(see Thibault, 1972) suggests that the qualitative selection may be 
by the spermatozoa themselves on the same basis of differential 
motility as in the cervix of intra-vaginal inseminators. 	However, 
due to the relative inaccessibility of this part of the tract, and 
the small numbers of spermatozoa recoverable from it, the precise 
functioning of the uterotubal junction and tubal isthmus is still 
open to debate (see Bedford, 1972a). 
Some mention should be made of the proposal of Cohen & 
McNaughton (1974) that the female tract of rabbits selects a small 
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population of genetically perfect spermatozoa from the large 
heterogeneous population of the ejaculate. Quite how the tract is 
able to recognise the invisible 'micro-defects' of the sperm genome 
(recombination faults, see Cohen 1973) is not known. Therefore 
such a system of selection must be considered improbable if not 
completely unfounded (see Wallace, 1974). 
In conclusion it would seem that the apparent selectivity 
of the sperm transport process is brought about by the barrier-
reservoir regions of the female tract. It would appear, however, 
that these regions do not actively select the spermatozoa which enter 
the higher regions of the tract, but rather that they represent 
regions in which motile spermatozoa are at an advantage. The passage 
of less motile or dead spermatozoa (or inert particulate matter) 
across these regions would therefore be impaired although not 
necessarily precluded since such objects could he carried through by 
external physical influences such as the contractility of the female 
tract. 
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A: 	THE T1AIJSpQI' OF DIPLOID RABLIT SP L1A1OOA TO THE 
SITE OF FERTILIZATION  
I 4rJj(  )D(JCT .10! 
Fertile rabbit spermatozoa can be recovered from the vagina 
l it after coitus (Bedford, 19(7) but the total number of spermatozoa 
present in the vagina drops drastically within the first hour of 
mating (Braden, 1953; Morton & Glover, 1974). This fall is probably 
due to a combination of the expulsion of semen through the vulva and 
the phagocytosis of spermatozoa by the massive numbers of polymorpho-
nuclear leucocytes which invade the vagina within 30 min of coitus 
(Tyler, 1977). A few minutes after mating, the 'pool' of spermatozoa 
remaining in the vagina seems to be of limited significance since it 
has been shown that sufficient numbers of spermatozod for normal 
fertility are already built up in the cervix (the 'cervical sperm 
reservoir') within 5 min of Coitus (Bedford, 1971). Although sperm-
atozoa can be recovered from the oviducts of many vaginal inseminators 
within minutes of mating (for review see £landau, 1969), such rapid 
transport is probably of little significance for normal fertility 
since even if spermatozoa do reach the oviducts in small numbers 
within minutes of coitus they will not be able to fertilize because 
capacitation takes a minimum of several hours (see reviews by Bedford, 
1970, and Chang & Hunter, 1975), by which time they may well have 
been lost into the periLoneal cavity (in species with no ovarian 
bursa) or phagocytosd. 
In the rabbit the uiirimuni tile for spermatozoa to reach the 
oviducts from the vagina remains unclear; various times reported 
have been 1i h (Morton & Glover, 1974); 1 h (Chang, 1952); 14 h (Adams, 
1956); 2 h (Turnbull, 1966) ; and 3 h (Braden, 1953). however, 
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sufficient numbers for normal fertility do not seem to be achieved 
until 5 h post coitum (Greenwald, 1956). Braden (1953) reported that 
peak numbers of tubal spermatozoa were established at 6 h post coitum, 
at which time the distribution of spermatozoa throughout the higher 
regions of the female tract appears to have been stabilized. This 
distribution seems to remain constant until at least 28 h after 
mating (Braden, 1953), a period of time in accordance with the maximum 
fertilizing life of rabbit spermatozoa in the female tract (about 
28-32 h, see Hammond & Asdell, 1926; Chang & Pincus, 1964). 
The question of whether diploid rabbit spermatozoa reach 
the site of fertilization was studied here by determining the incidence 
of diploids among populations of spermatozoa recovered from the various 
levels of the female tract. By observing the incidence of diploid 
spermatozoa in the semen, cervices, uteri and oviducts the location 
of any selection could be determined. Both natural mating and 
artificial insemination were used to elucidate whether the method of 
insemination had any effect on the qualitative distribution of the 
spermatozoa within the female tract. 
MATERIALS AND METHODS 
Natural Mating Experiments 	In each of 9 experiments semen was 
collected from the chosen buck ('GG3') by artificial vagina and 
approximately h later the buck was mated with a receptive doe. A 
further ejaculate was collected about h later again for comparison 
with that collected before mating. This frequency of ejaculation may 
have caused some temporary depletion of the buck's sperm reserves, 
but there were no significant differences between the pre- and post-
coital ejaculates (see Results section and Appendix III). Six hours 
after coitus the doe was killed by an overdose of Nembutal ('Expiral': 
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Abbott Laboratories Ltd., Queenborough Kent) injected into the ear 
vein. The abdominal cavity was immediately opened and the reproductive 
tract divided into regions with artery forceps (see Fig. 2). The 
uteri were isolated from the oviducts within 5 min of death. There 
was no evidence of the 'uterine pumping' described by Cohen & Werrett 
(1975) 
After excision the female tract was placed in mammalian 
Finger-Locke saline at 37 °C and dissected free of adnexa. It was 
divided into its various sections which were then flushed with either 
culture medium (Eagle's Medium with Earle's Balanced Salt Solution 
and HEPES buffer; Flow Labs., Irvine) or phosphate-buffered saline 
prepared from PBS Tablets (Oxoid, London) at 37 °C. A small amount of 
detergent (1 drop of 1:5000 'Teepol' per 2 ml) was added to the 
flushing medium to improve sperm recovery (see Braden, 1953). The 
flushings were centrifuged in siliconized tubes at 500 .1 for 20 mm 
and the spermatozoa resuspended in 2 ml fonnol citrate. The suspensions 
from the four regrons of the female tract (vagina, cervices, uteri 
and oviducts) were centrifuged again and resuspended in formol citrate 
(3 drops for the uterine and cervical spermatozoa, and the vaginal 
spermatozoa adjusted to a suitable concentration so that after smearing 
the spermatozoa were not overcrowded). Five smears were made on clean 
microscope slides of each of these sperm suspensions and allowed to 
air-dry before fixation and staining (Casarett, 1953). The small 
volume of suspension left in each tube was used for nigrosmn-eosin 
preparations (see above). Tubal spermatozoa were resuspended in 2 
drops of distilled water to burst contaminating red blood' cells in 
order to facilitate the identification of spermatozoa, and then placed 
under coverslips with vaselined edges and scored by phase-contrast 
microscopy. 
Figure 2: Diagram showing the various regions of the female 
reproductive tract of the rabbit and the division into compartments 














Spermatozoa were recovered from the female tract at six 
hours post coituin for two reasons. 	The first being that this is the 
earliest time at which a stable distribution of spermatozoa within 
the female tract can be sampled; and secondly because capacitation 
in the rabbit takes 5-6 h during normal ascent of the tract (Adams 
& Chang, 1962) so that after this time most spermatozoa would be 
liable to changes in acrosome morphology (and diploid spermatozoa 
were te be identified on the basis of their head morphology). 
Ten thousand spermatozoa (2000 from each of the 5 slides) 
from the pre- and post-coital ejaculates and the vaginal, cervical 
and uterine levels of the female tract, and also all of the spermatozoa 
recovered from the oviducts, were scored at a magnification of x500 
for the percentage diploid. Single- and double-tailed diploid 
spermatozoa, and also double-tailed haploid spermatozoa, were noted 
separately. Diploid spermatozoa were identified by their larger and 
more pear-shaped heads (see Beatty & Fechheimer, 1972; Carothers & 
Beatty, 1975). There was no variation in the identification of 
diploids whtiter scored in nigrosin-eosin, Casarett or phase-contrast 
preparations. 
Eight other experiments were discarded because of either 
insufficient numbers of spermatozoa being recovered from one or more 
regions of the female tract, or because of loss of spermatozoa during 
the preparation of the stained smears. 
Artificial Insemination Experiments: 	In each of 4 experiments semen 
was collected from the chosen buck ('GG3') by artificial vagina, 
diluted with an equal volume of artificial seminal plasma (ASP: O'Donnell, 
1969), and artificially inseminated into the cranial region of the 
vagina of the doe. Spermatozoa were recovered from the female tract 
and treated exactly as in the experiments using natural mating. 
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RESULTS 
Natural Matinq Exoeriments 
The original data from the 9 experiments are included in 
Appendix IIA-D and the results are summarised in Table 3 and Figures 
3-5. 
There is a significant (P < 0.05) and large reduction in 
the percentage of diploid spermatozoa in the cervix and uterus 
compared to the mean ejaculate (see Table 3a and Fig. 3). The apparent 
further reduction in the incidence of diploid spermatozoa in the 
oviducts is not statistically significant (P > 0.05) from the incidence 
in the lower regions of the tract. A 2 x 2 heterogeneity x 2 test on 
the numbers of diploid and haploid spermatozoa scored from the 
ejaculates (3554 and 176,446 respectively) and from the oviducts (6 
and 2003) showed that the difference in the incidence of diploid 
spermatozoa between the sites of insemination and fertilization was 
highly significant (P < 0.001) 
The populations of spermatozoa recovered from the female 
tract have been compared to the semen deposited in the vagina at 
coitus (i.e. the 'mean ejaculate' results) because it has been shown 
that the cervical sperm reservoir is built up from the vaginal sperm 
pool within 5 min of coitus (see Introduction to this Chapter; also 
Bedford, 1971). Therefore the incidence of diploid spermatozoa in 
the small isolated population of apparently superfluous spermatozoa 
in the vagina 6 hours after coitus cannot be considered as relevant 
to the distribution of diploids higher in the tract at that time. 
Justification for the use of mean values from all ejaculates will be 
found in Appendix III. 
When the proportions of live and dead cells were scored in 
Table 3: 	Distribution of diploid and double-tailed spermatozoa in the reproductive tract of the female rabbit 
6 h after natural mating. 
Me ar 
ejaculate 	Vagina 	 Cervix 	 Uterus 	 Oviducts 
Diploid spermatozoa (% 	1.74 +0.046 	1.251+0.119 	0.764 +0.123 	0.842+0.072 	0.299+0.120 
Live diploid spermatozoa 
	
(as % of all live sperm.) 	1.431 + 0.051 	1.037 + 0.132 	0.554 + 0.088 	0.605 ± 0.108 	not determined 
Double-tailed spermatozoa 
(as % of all sperm.) 
Haploid 0.192 + 0.015 	0.070 + 0.015 	0.013 + 0.006 	0.006 ± 0.004 	0.0 
Diploid 	0.658 + 0.030 	0.260 + 0.045 	0.066 + 0.012 	0.010 ± 0.005 	0.0 
Values are means cf 9 experiments with standard errors based on discrepancies between experiments, except for 
diploid spermatozoa in the oviducts, the S.E. of which is based on the expectation of a Poisson distribution 
for data summed over all experiments 
F) 
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Figure 3: Distribution of diploid spermatozoa in the rabbit female 
tract 6 h after coitus. Columns represent means of 9 experiments and 
bars denote one standard error. The S. E. for the oviducts is based 
on the expectation of a Poisson distribution for data sd over all 
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Figure 4: Distribution of diploid spermatozoa amongst live 
spermatozoa only in the rabbit female tract 6 h after coitus. columns 
show means of 9 experiments and bars denote standard errors based on 
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the nigrosill-eosin preparations of the spermatozoa recovered from the 
female tract, values for the incidence of diploids among live 
spermatozoa only could be calculated for all sources except the 
se 
oviducts (since th( flushings had at one stage been treated with 
distilled water, see Materials and Methods). These results (see 
Table 31) and Fig. 4) indicate that within the female tract the 
incidence of diploids amongst live spermatozoa only is lower than 
their incidence amongst all spermatozoa. It should be pointed out, 
however, that the nigrosin-eosin staining technique may not be valid 
for the differentiation of live and dead spermatozoa when they have 
been recovered from the female tract. 
Table 4 shows that the proportion of viable diploid 
spermatozoa (expressed as a percentage) is similar at all sites. 
Superficially this suggests that the survival of diploid spermatozoa 
within the female tract is, as has been shown in vitro (see Chapter 1), 
the same as that of haploids. However, if dead spermatozoa are at a 
disadvantage when penetrating the cervix (see Mattner & Braden, 1969a 
Lightfoot & Restall, 1971) the proportion of viable diploid spermatozoa 
should be higher in the cervix and uterus compared to the ejaculate. 
Therefore it would appear that the viability of diploid spermatozoa 
in the female tract is reduced compared to haploids, in contrast to 
the situation in vitro. 
..31.. 
'ible 4: 	Proportion of diploid spermatozoa that are viable in the 
ejaculate and at various levels of the rabbit female tract 6 h after 
coitus 
Location 	 % 2N among live sperm x 100
% 2N 
Mean ejaculate 	 72.49 
Vagina 	 82.89 
Cervices 	 72.51 
Uteri 	 71.85 
Mean (± S.E.) 	 74.935 (+ 2.656) 
The incidence of spermatozoa with two tails (the degree of 
fusion between the two tails being variable) amongst the various 
populations of spermatozoa (see Table 3c and Fig. 5) reveals that 
such spermatozoa are not successful in traversing, or even penetrating, 
the cervix. Observations on swimming rabbit spermatozoa indicate 
that many of this small population of double-tailed spermatozoa are 
much less motile than most of those with single tails. 
Table 5 shows that the variation between matings of the 
incidence of diploid spermatozoa in the uterus relative to the cervix 
is usually > 1, and is positively correlated (P < 0.001) with the 










Figure 5: Distribution amongst all spermatozoa of double-tailed 
haploid and diploid spermatozoa in the rabbit female tract 6 h after 
coitus. columns show means of 9 experiments and bars denote standard 
errors based on discrepancies between experiments 





Table 5: 	Relative incidence of diploids among spermatozoa in the 
uterus and cervix 6 h post coituin in 9 experiments as the buck aged. 
Expt 	(age of buck ) 	 %2N in uterus 
in weeks %2N in cervix 
1 	 (56) 	 2.000 
2 	 (68) 	 2.278 
3 	 (71) 2.102 
4 	 (83) 1.074 
5 	 (84) 1.556 
6 	 (85) 0.918 
7 	 (86) 0.664 
8 	 (87) 0.590 
9 	 (90) 	 1.000 
Artificial Insemination Experiments 
The data from these 4 experiments are included in Appendix 
IVA-L) and the results summarised in Table 6 and Figures 7-9. 
The pattern of distribution of diploid spermatozoa in the 
female tract after artificial insemination (see Table 6a and Fig. 7) 
is similar to that after natural mating but at an apparently higher 
level despite a lower incidence in the inseminate. The increased 
incidence of diploid spermatozoa in the cervix following artificial 
insemination will be considered in more depth later. 	A 2 x 2 
heterogeneity x2 test on the numbers of diploid and haploid spermatozoa 
scored from the inseminates (664 and 39,336 respectively) and from the 
oviducts (3 and 572) showed that the difference in the incidence of 
diploid spermatozoa between the sites of insemination and fertilization 
was significant (0.05 > P > 0.02). 
Fiaure 6: 	Correlation between the incidence of diploid spermatozoa in the uterus relative to the cervix 6 h after 
coitus with the age of the buck. 
% 2Ns IN UTERUS 
% 2Ns IN CERVIX 
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Table 6: Distribution of diploid and double-tailed spermatozoa in the reproductive tract of the female rabbit 
6 h after artificial insemination 
Inseminate 	Vacina 	Cervices 	 Uteri 	 Oviducts 
Diploid spermatozoa (%) 	1.660 + 0.063 	0.893 + 0.110 	1.055 ± 0.093 	0.968 + 0.178 	0.5425 (3 
+ 0.302 572) 
Live diploid spermatozoa 	
1.338 + 0.039 	0.737 + 0.132 	0.756 + 0.126 	0.703 + 0.133 	not determined (as % of all live sperm.) 
Double-tailed spermatozoa 
(as % of all sperm.) 
Haploid 	0.168 + 0.017 	0.025 + 0.012 	0.020 + 0.007 	0.0 	 0.0 
Diploid 	0.603 ± 0.044 	0.125 ± 0.032 	0.110 ± 0.007 	0.003 + 0.003 	0.0 
Values are means of 4 experiments with standard errors based on discrepancies between experiments, except for 
diploid spermatozoa in the oviducts, the S.E.of which is based on the expectation of a Poisson distribution 








Figure 7: Distribution of diploid spermatozoa in the rabbit female 
tract 6 h after A. I. Columns show means of 4 experiments and bars 
denote standard errors. The S.E. for the tubes is based on the 
expectation of a Poisson distribution for data summed over all 
experiments, while the remaining standard errors are based on 
discrepancies between experiments 
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The distribution of diploid spermatozoa amongst live 
spermatozoa only within the female tract is shown in Table 6b, and 
Fig. 8. Although the value for the vagina is lower in this series 
of experiments than in those using natural mating, the overall pattern 
is similar. Table 7 shows the proportion of viable diploid spermatozoa 
(expressed as a percentage) for the various levels of the tract. As 
in the natural mating series of experiments, the figures indicate 
that the survival of diploid spermatozoa in the female tract is 
impaired compared to that of haploids. 
Table 7: 	Proportion of viable diploid spermatozoa (expressed as a 
percentage) in the inseminate and at various levels of the rabbit 
female tract 6 h after artificial insemination 
% 2N among live sperm Location 	 x 100 % 2N 
Inseminate 	 80.59 
Vagina 	 82.61 




Mean (i S.F.) 	 76.875 (+ 2.765) 
Consideration of the Incidence of double-tailed spermatozoa 
at the various levels of the female tract (see Table 6c and Fig. 9) 
shows that, as in the natural mating experiments, these less motile 
spermatozoa are not very successful in penetrating the cervix. 
Figure 8: Distribution of diploid spermatozoa mongst live spermatozoa 
only in the rabbit female tract 6 h after A.I. Columns show means of 
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Figure 9: Distribution amongst 11 spermatozoa of double-tailed 
haploid and diploid spermatozoa in the rabbit female tract 6 h after 
A. I. Columns show means of 4 experiments and bars denote standard 
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'laLle L shows the incidence of diploids in the spermatozoa 
from the uterus relative to that in those from the cervix for the 
series of experiments. From the results it appears that the incidence 
of diploid spermatozoa in the uterus is lower than in the cervix 
after insemination by artificial means. This is in contrast to the 
situation found after insemination by natural mating (see Table 5). 
Table 8: 
Exp t % 2N in uterus 
% 2N in cervix 
1 	 0.972 
2 	 1.167 
3 	 0.684 
4 	 0.769 
Mean 	 0.898 
±S.E. 	 0.108 
Since this series of experiments was carried out over a 
much shorter period of time than the series using natural mating, 
there was no significant effect of the age of the buck upon the 
incidence of diploid spermatozoa in the uterus relL&tive to the cervix. 
Comparisons between natural mating and artificial insemination 
experiments 
From Figures 3 and 7 the incidence of diploid spermatozoa 
in the cervix appears greater after artificial insemination than 
natural mating in spite of a lower incidence in the semen. To test 
the significance of this difference the incidence of diploids among 
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the ervicai spermatozoa in each experiment was expressed as a 
fraction of that in the semen used in that experiment (see Table 9). 
An analysis of variance on these values showed that the two series 
of experiments were significantly different (P < 0.05) and therefore 
the incidence of diploid spermatozoa in the cervix is higher after 
artificial insemination than after natural mating. 
Similar analysis of the data for the incidence of diploids 
amongst live spermatozoa only (which seemed to show the same trend, 
see Figures 4 and 8) showed that the apparent difference between the 
methods of insemination was not significant (0.2 > P > 0.05). 
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Tile i 	Incidence of diploid and live diploid spermatozoa in the 
cervix relative to that in the semen for the series of experiments 
using natural mating, and also that using artificial insemination 
Natural Mating Experiments 
Expt % 2N in cervix 
% 2N in semen 
% 2N among live sperm in cervix 
% 2N among live sperm in semen 
1 	 0.193 0.362 
2 	 0.169 0.190 
3 	 0.249 0.298 
4 	 0.437 0.347 
5 	 0.228 0.201 
6 	 0.355 0.577 
7 	 0.683 0.348 
8 	 0.551 0.441 
9 	 0.600 0.777 
Mean (+ S.E.) 	0.3850 ± 0.0636 	0.3934 + 0.0619 
Artificial Insemination Experiments 
Ex 	 % 2N in cervix 	%2N among live sperm in cervix p % 2N in semen % 2N among live sperm in semen 
1 	 0.679 	 0.643 
2 	 0.755 	 0.743 
3 	 0.479 	 0.332 
4 	 0.636 	 0.534 
Mean (+ S.E.) 	0.6373 + 0.0562 	0.5630 ± 0.0880 
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Sperm transport through the cervix of vaginally inseminating 
mammals has been well documented in man, rabbit and ruminants (for 
reviews, see Davajan, Nakamura & Kharma, 1970; Blandau, 1973; 
Mattner, 1973; Moghissi, 1973a,b; Davajan & Nakamura, 1975) and 
although the existence of selectivity appears certain, the phenomenon 
has not previously been studied in quantitative terms of the sperm-
atozoa which are 'filtered out'. There is no evidence that the 
cervix is able to 'recognise' or eliminate specifically abnormal 
spermatozoa, although the physico-chemical structure and properties 
of the cervical mucus provide a possible system in which selection 
on the basis of differential sperm motility could take place (for 
reviews, see Odeblad, 1968, 1973) . It has been shown that effective 
colonization of the cervix is dependent upon sperm motility (Mattner 
& Braden, 1969a; Davajan & Kunitake, 1969; Lightfoot & Restall, 
1971) by virtue of the spermatozoa swimming from the inseminate into 
the intermicellar fluid phase of the mucus at the external os. Once 
in these channels the spermatozoa are constrained by the mucin 
micelles to swim along the channels rather than in their normal 
random fashion (see Tampion & Gibbons, 1962; Mattner, 1966) and are 
thereby orientated towards the crypts and clefts of the cervical 
mucosa where the cervical sperm reservoir is built up (see Mattner, 
1966; Mattner & Braden, 1969b; Lightfoot & Restall, 1971; Morton 
& Glover, 1974). Dead spermatozoa would not therefore be expected 
to penetrate the cervical mucus, and this is supported by the finding 
that dead spermatozoa injected into the lumen of the ovine cervix do 
not enter the cervical crypts but are rapidly eliminated from the 
cervix into the vagina (Mattner & Braden, 1969b; Lightfoot & Restall, 
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1971). Spermatozoa with impaired motility may be able to penetrate 
some way into the mucus but would obviously be less successful than 
vigorously motile spermatozoa in colonizing the cervical crypts and 
would be more susceptible to elimination from the cervical canal; 
dead spermatozoa could be considered as an extreme case of impaired 
motility. 
The present results from experiments using either natural 
mating or artificial insemination (summarised in Tables 3 and 6 
respectively) show that the rabbit cervix constitutes a major barrier 
to the ascent of diploid and double-tailed spermatozoa from the semen 
deposited in the vagina. Since from subjective observations on 
swimming rabbit spermatozoa it has been observed that these types of 
abnormal spermatozoa are less motile than normal spermatozoa, the 
results are believed to constitute further evidence for the dependence 
of the colonization of the cervix and the establishment of a cervical 
sperm reservoir upon sperm motility. There is therefore no need to 
invoke active selection against morphologically abnormal spermatozoa 
by the cervix. Further, although statistically non-significant 
(perhaps due to the small numbers of spermatozoa scored from the 
oviducts), reductions in the incidence of diploids may occur at the 
uterotubal junction. This suggests that the uterotubal junction may 
be another selective barrier region in which diploid spermatozoa are 
again at a disadvantage compared to normal haploid spermatozoa, 
although more data are needed to prove such an hypothesis. 
The viability of diploid spermatozoa in the female tract 
would seem to be impaired relative to that of haploids (see Tables 4 
and 7). Somt mechaflism whereby the female tract is able to 
'persecute' specifically diploid spermatozoa could be invented, but 
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all xp1aii.Lion Lasd on some adverse effect of diploidy upon their 
viability would seem more plausible. 
While the two series of experiments showed the same general 
pattern of distribution of diploid spermatozoa within the female 
tract, the incidence of diploids in the populations of spermatozoa 
recovered from the tract after artificial insemination was signifi-
cantly higher than in those recovered after natural mating (P < 0.05). 
The same trend is visible in the results for the distribution of 
live diploid spermatozoa (i.e. among live spermatozoa only) but the 
differee between the two series was not significant (0.2 > P > 0.1), 
possibly due to increased variability introduced by differences in 
the physiological conditions within the female tract between individual 
does, or perhaps to variability in the staining technique. 
It has not been determined whether this increased incidence 
of diploids is due to the forcing of semen into or even through the 
cervix by the technique of artificial insemination used, and/or to 
improved conditions for the spermatozoa within the vagina due to the 
larger volume of buffer in which the spermatozoa are suspended at the 
time of deposition. However, the implication of the elevated 
incidence of diploid spermatozoa within the female tract following 
artificial insemination is clearly that the chances of the formation 
of triploid zygotes due to the fertilization of normal eggs by diploid 
spermatozoa must be increased, although such zygotes would still occur 
at a very low level. 
The existence of a brief phase of rapid sperm transport 
associated with coitus, caused by the contractile activity of the 
female tract, is now generally accepted (see reviews listed in Intro-
duction). Contractility of the female tract appears to be increased 
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at this time due to a combination of neurohuinoral mechanisms (e.g. 
the release of oxytocin) in response to coital stimulation and/or 
the female orgasm and the local action of seminal prostaglandins. 
The main evidence for the existence of this phenomenon comes from 
the recovery within minutes of coitus of spermatozoa from the uterus 
or tubal ampulla - a distance which the spermatozoa could not 
possibly have covered by their own swimming efforts. 
Since a phase of rapid transporL would cause the incidence 
of diploids in the spermatozoa recovered from the uterus to be 
greater than in those from the cervix, then this ratio will reflect 
the occurrence of such an event. The complex explanation of the 
mechanism whereby the increased incidence of diploids among uterine 
spermatozoa arises is briefly outlined below. The occurrence of 
rapid transport would result in the transfer to the uterus of a small 
population of ejaculate spermatozoa which would have a high incidence 
of diploids. This population would then be diluted over the following 
hours by the large numbers of spermatozoa, with a low incidence of 
diploids, eitering the uterus having swum through the cervix during 
the period of slow transport. 
In the series of experiments using natural mating, this 
ratio is usually > 1.0 (see Table 5) but is significantly correlated 
(P < 0.01) with the age of the buck (see Figure 6). Since there was 
no significant change in either the proportion of diploid spermatozoa 
produced, or their viability over this period (see Appendix III), the 
observation may be considered as reflecting a decline with increasing 
age of the buck's coital performance, causing inter-mating variability 
in the induction of this brief phase of rapid sperm transport. The 
series of experiments using artificial insemination does not show the 
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same trend in this ratio (see Table 8) , a finding which can be 
interpreted as further evidence for coital stimulation (leading to 
orgasm) bLig U major factor in inducing rapid sperm transport. 
The alternative explanation that the effect was due to decreased 
levels of seminal Prostaglandins as the buck aged is unlikely since 
only insignificant amounts of Prostaglandins E 1 and E have been 
found in the semen of the rabbit (Dr. R.W. Kelly, personal communic-
ation). 
From these experiments it is clear that the expected 
incidence of triploidy due to the fertilization of normal oocytes by 
diploid spermatozoa is not the same as the incidence of diploid 
spermatozoa in the ejaculate. There is a large and highly significant 
reduction in the proportion of diploids among spermatozoa present in 
the oviducts six hours after mating from that in the semen (even 
allowing for the proportions of dead spermatozoa). But since this 
reduction is not a complete exclusion of such spermatozoa from the 
oviducts, it would be insufficient per se to preclude the involvement 
of diploid spermatozoa in the production of triploid zygotes in the 
rabbit. 
In a recently published paper (Asch, Balmaceda & Pauerstein, 
1977) conclusive evidence has been provided that radioactively 
labelled seminal plasma is not transported from the vagina into the 
uterus or oviducts in the rabbit. Such evidence emphasizes the 
importance of the motility of spermatozoa in their passage to the 
site of fertilization. 
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B: 	SELECTIVITY OF THE SPERM TRANSPORT PROCESS 
INTRODUCTION 
The results on the distribution of diploid and double-tailed 
spermatozoa in the female reproductive tract of the rabbit described 
in the first part of this chapter indicate that the cervix is a major 
selective barrier in the transport of abnormal spermatozoa between 
the sites of insemination and fertilization. The results indicate 
that the filtering effect of the cervix is probably based on sperm 
motiltty rather than an active selection by the cervix. Such a theory 
is supported by the findings of Mattner & Braden (1969a), Lightfoot 
& Restall (1971) and Davajan & Kunitake (1969). The essentially 
passive role played by the cervical mucus will be considered in the 
Discussion. 
In an attempt to show that the reduction in the incidence 
of diploids in the populations of spermatozoa present in the cervices 
and uteri compared to the semen was due to the impaired motility of 
the diploids excluded at the level of the penetration of the cervical 
mucus, it was decided to try and repeat the selecting-out of abnormal 
spermatozoa using in vitro techniques based on differential motility. 
Due to the ambiguity of the evidence on the possible transport of 
dead spermatozoa (or inert particles or fluids) through the cervix 
(pro: Krehbiel & Carstens, 1939; Akester & Inkster, 1961; Mattner 
& Braden, 1963; Glover & Patterson, 1963; con: Walton, 1930; 
Rowson, 1955; Noyes, Adams & Walton, 1958, 1959; Edgar & Asdell, 
1960; Mattner & Braden, 1969a; Lightfoot & Restall, 1971; Bedford, 
1972a; Blandau, 1973) 	it was also decided to carry out a small 
series of experiments (similar to those of Noyes et al., 1959) in 
which the success in penetrating the cervix shown by artificially 
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inseminated, detergent-killed, spermatozoa was monitored by flushing 
the female tract several hours after insemination. 
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MATERIALS AND METHODS 
1: Artificial Insemination of Detergent-Killed Spermatozoa 
Semen was collected from three bucks of proven fertility by 
artificial vagina, pooled, and diluted with an equal volume of 
artificial seminal plasma (O'Donnell, 1969) containing 1% sodium 
dodecyl sulphate ('ASP + SDS'). This medium cleaved the tails from 
the heads of most of the spermatozoa immediately (see Results section). 
A small part of the semen was diluted with formol citrate and used 
for making nigrosin-eosin preparations and the remainder was divided 
into two equal parts and artificially inseminated per Vaginum into 
two does. The reproductive tracts of the does were removed 6 h later 
and flushed with a PBS-based medium at 37 °C (see earlier). After 
centrifugation of the flushings at 500 y for 20 min in siliconized 
tubes, the supernatant was removed and the small amount of material 
at the bottom of the centrifuge tubes resuspended in 1 drop of formol 
citrate. The material flushed from each region (vagina, cervices, 
uteri and oviducts) of each tract was then spread on a clean microscope 
slide, allowed to dry in air before fixation and Casarett's staining, 
and checked at a magnification of x250 for the presence of spermatozoa. 
2: In Vitro Systems 
Three different systems, all based upon the separation of 
spermatozoa of different motilities were used in this study: 
a slightly modified system based on that described by Botella-
Llusja (1956); 
a system dependant upon the 'settling' of spermatozoa due to a 
combination of sperm motility and non-centrifugal gravitational 
orientation of the spermatozoa; 
C). a system under development by Dr R.W. Kelly of the M.R.C. Unit 
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of Reproductive Biology in Edinburgh in which spermatozoa swim 
through a fine mesh filter. 
a). This apparatus, based upon that described by Botella-Liusia 
(1956) is shown in Figure 10. A series of experiments, summarized in 
Table 10, was carried out varying the length of the glass tube, the 
running time and the diluent medium. 
Table 10: 	Summary of experiments performed using the 'in vitro 
cervix' apparatus based upon that of Botella-Liusia 
(see text and Fig. 10). 
Expt Medium* Temp. (°c) Running Length of glass 
time 	(h) tube 	(mm) 
1 BM 39 3 20 
2 BM 39 3 50 
3 EM 38 6 40 
4 BM 40 1.5 20 
5 EM 39 4 25 
6 ASP 37 3 20 
7 EM 37 3 10 
* BM 	0.93 modified Baker's medium (see Beatty, 1964) 
ASP = artificial seminal plasma (see O'Donnell, 1969) 
Semen was collected from the AD-strain buck 'GG3' and 
diluted with an equal volume of the medium at 37 °C prior to being 
placed in the semen reservoir. A small amount of the diluted semen 
was saved and diluted with formol citrate for making nigrosin-eosin 
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smears. The whole apparatus was kept upright in an incubator at a 
temperature of 37-40°C. At the end of the experiment the glass 
tube was carefully lifted from the semen reservoir and the Luer 
fitting of the syringe (with the attached glass tube) cut off with 
a razor blade. The contents of the syringe were diluted with an 
equal volume of formol citrate and centrifuged in siliconized tubes 
at 500 g for 10 mm. After removal of the supernatant, one drop 
of formol citrate was added and either nigrosin-eosin or Casarett 
preparations made (for methods see earlier). 
The apparatus was used vertically throughout this series 
of experiments since it had been found in a pilot experiment that 
if it was run horizontally there was a mixing of the semen and the 
medium along the glass tube, presumably due to the density difference 












Figure 10: 	'In vitro cervix' apparatus based upon that of 
Botell.a-Llusja (1956). 
(A - 1 ml disposable syringe; B - glass capillary tube, O.D. 1.2 1=, 
I.D. 1.0 ; C 3" x 1" glass microscope slides stuck onto thick 
card; D - pieces of McCartney bottle cap rubber injection seals). 
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b). In each of 2 experiments, semen was collected from the same 
buck as before and diluted with a 4x volume of ASP at 37 0C. Formol 
citrate was added to a small part of this diluted semen and later 
used for making nigrosin-eosin smears whilst the remainder was placed 
in 3 small (5 x 35 mm) test tubes, sealed with Parafilm and incubated 
at 370C for 2.5 h. At the end of an experiment the sperm suspension 
was removed from the test tubes according to the visible zonation 
(see Fig. 11) and diluted with formol citrate to a suitable concen-
tration for making nigrosin-eosin smears. 
FIGURE 11: 
Diagram showing visible 
zonation and sample 
fractions of sperm 
suspension after 2.5 h 
incubation at 37 °C. 
2 
[1 
Two smears were prepared of the spermatozoa from each zone in 
each experimental tube (and from each ejaculate) and, after randomization 
and coding, the slides were scored at a magnification of x500. One 
thousand spermatozoa were counted on each slide and classed as either 
haploid, double-tailed haploid, conjoin, fusion, single- or double-tailed 
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diploid. The eosinophilic nature of all spermatozoa except the normal 
haploids was also noted. A separate sampling of 200 normal haploid 
spermatozoa was made from each slide and the cells classed as 'live' 
(non-eosinophilic) or 'dead' (eosinophilic). The total numbers of 
spermatozoa in each zone were not determined. 
C) . In these experiments semen collected from the buck 'GG3' was 
diluted with a 2x volume of medium at 37°C and placed in the lower 
chamber of the system devised by Dr R.W. Kelly (the 'Kelly apparatus', 
see Fig. 12). The small amount of semen left over was diluted with 
formol citrate to a suitable concentration for making nigrosin-eosin 
preparations. The upper chamber of the system, which was separated 
from the lower by a nickel mesh of pore size approximately 11 .un, was 
filled with medium at 37 °C. The whole apparatus was kept in an 
incubator at 37°C for 0.5 h, after which time the medium in the upper 
chamber was removed, diluted with formol citrate and centrifuged in 
siliconized tubes at 500 for 10 mm. After removal of the super-
natant the spermatozoa were resuspended in formol citrate to a 
suitable concentration for making nigrosin-eosin smears. 
Two preparations were made of the initial diluted semen 
(ejaculate) and of the spermatozoa recovered from the upper chamber 
which, after coding, were scored at a magnification of x400. Two 
thousand spermatozoa were counted on each slide and classified as 
described in (b) above. Haploid spermatozoa were classed as live 
or dead in separate samplings of 200 spermatozoa per slide. 
Figure 12: System devised by Dr R.W. Kelly for obtaining populations 
of spermatozoa with high motility. 












(11i.im pore size) 
57 
RESULTS 
Artificial Insemination of Detergent-Yillcd Spermatozoa 
Inseminate: The pooled ejaculates contained a high percentage (by 
subjective judgement) of vigorously motile spermatozoa, but after 
addition of the ASP+SDS medium to the semen all spermatozoa became 
non-motile. In nicjrosin-eosin preparations of this inseminate all 
spermatozoa were found to be eosinophilic (i.e. dead) and without 
acrosomes. Only 29.8% of the spermatozoa still had tails attached. 
Tract 1: Only a very few spermatozoa remained in the vagina 6 h 
after insemination (far fewer than after the inseminations with 
untreated semen in the earlier experiments). Most of these spermatozoa 
still had tails attached but all were without acrosoines. No spermatozoa 
were seen in the flushings of the other regions of the tract. 
Tract 2: 	No spermatozoa were found in the vagina 6 h after insem- 
ination although one was seen in the flushings from the cervix. This 
spermatozoon had a tail but was without its acrosome. No spermatozoa 
were seen in the flushings of the uteri or oviducts of this tract. 
In Vitro Systems 
a). 	In spite of the use of only those ejaculates which showed 
high densities of spermatozoa and high percentages of vigorously 
motile spermatozoa (judged by subjective estimates), very few sperm-
atozoa were recovered from the barrel of the syringe at the end of 
any of the experiments. These small numbers of spermatozoa were 
insufficient for determining the incidence of diploids with any 
accuracy. 
b). 	The numbers of double-tailed haploid, conjoined and fused 
spermatozoa in the counts of 1000 spermatozoa per slide were pooled 
as 'other abnormal forms' to remove zero values which would other-
wise complicate statistical analysis, thereby leaving 7 categories: 
haploid plus live and dead of each of 'other abnormals' and single-
and double-tailed diploid spermatozoa (see Appendix V). The data 
from the 2 'sperm settling' experiments were then evaluated by a 
complex heterogeneity x 2  analysis, the results of which are summarised 
in Tables 11-13. 
The lowest level ('e') of Table 11 shows that the data from 
duplicate preparations are in complete agreement. Such a finding 
reflects a collective non-significance of the 3 factors (which are 
therefore probably individually non-significant) listed below:- 
A high objectivity of the 'observer judgement'. 
A discreteness of the sperm morphology categories scored. 
An absence of effect of technical differences in the preparation 
of duplicate slides. 
There is a marginal significance in the difference between 
tubes (P = 0.05) which can be attributed to small sampling errors in 
the removal of the levels from the different tubes. However, the 
variance component from this factor is small in comparison with the 
major item of variation between levels. 
The P value of 0.48 for the interaction between levels and 
series indicates a consistency between series in the distribution of 
sperm types at the various levels. 
The difference between series (summed over levels) is 
significant, but its variance component is negligible. 
The greatest variance component is that from the highly 
Table 11: Analysis of variation in the incidence of 7 categories of spermatozoat between 5 levels of 3 
tubes in 2 experiments after having been allowed to 'settle' for 2.5 h 
Source of variation d. f. Mean Variance Ratio P 
Variance 
Component (%) 
 between levels 
(I over series). 24 478.941 19.956 a/d = 15.17 <<0.001 87% 
 between series 
(I over levels) 6 20.416 3.403 b/d = 	2.587 0.02 4% 
 levels-series 
interaction 24 31.501 1.313 c/d = 	0.998 0.48 0% 
 between tubes 
within levels 120 157.863 1.316 d/e = 	1.322 0.05 9% 
 between preparations 
within tubes 180 179.125 0.995 - 0.5* 0% 
= haploid, plus live and dead each of single- and double-tailed diploid and 'other abnormal' spermatozoa 
* = P value determined from ordinary x 2 tables 
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Table 12: Analysis of variation in the incidence of the categories of abnormal spermatozoa 
considered separately, between the 5 levels of the tubes after having been allowed to 'settle' 
for 2.5 h 
Source of 	 Variance 
Category 	 variation d.f. 	 Mean x 	ratio 	 P 
double-tailed 	L.V. 	 4 	114.4969 	28.6242 
	
21.7509 	<<0.001 
diploids 	 Error± 	120 	157.8627 	1.3160 
single-tailed 	L.V.* 	 4 	39.1003 	9.7751 
7.4279 	<0.001 
diploids 	 Error 	120 	157.8627 	1.3160 
other 	 L.V.* 	 4 	54.4261 	13.6065 
10.3393 	<0.001 
abnormals 	Error 	120 	157.8627 	1.3160 
* L.V. = Level Variability 
t Error = Variation between tubes within levels (see Table ild) 
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Figure 13: Distribution of live and dead, single-tailed diploid, 
double-tailed diploid, and other abnormal rabbit spermatozoa at the 
5 sample levels (summed over tubes and series) after having been 
allowed to settle for 2.5 h. 



















Table 13: Analysis of variation in the incidence of live and dead single-tailed haploid spermatozoa 
at the 5 levels of the tubes after having been allowed to 'settle' for 2.5 h 
Source of variation d.f. > 2 Mean x 2 Variance Ratio P 
 between levels 
over series) 4 1288.2852 322.0713 a/c = 26.7848 0.01 - 0.001 
 between series 
over levels) 1 66.5324 66.5324 b/c = 	5.5331 0.1 	- 0.05 
 series differences 
in levels 4 48.0977 12.0244 c/d = 	3.7312 0.05 - 0.01 
 between tubes 
within levels 20 64.4539 3.2227 d/e = 	1.0642 N.S. 
 between preparations 
within tubes 30 90.8496 3.0283 - <0.001* 
* = P value determined from ordinary x tables 
N.S. = Not Significant (P > 0.2) 
M 
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significant (P << 0.001) differences between levels (summed over 
series) in the incidence of the 7 categories of sperm morphology. At 
a value of 87%, this variance component far outweighs the two other 
components. 
Following on from this analysis, the incidence at the five 
different levels (summed over tubes and series) of the various 
categories of sperm morphology were analysed separately by 2 x 5 
heterogeneity x 2 tests. These analyses, summarised in Table 12, 
showed that all the differences in distributions between levels were 
highly significant (P < 0.001 in all cases). The summed data are 
therefore presented visually in Figure 13. 
The incidence of live and dead single-tailed haploid 
spermatozoa in the separate counts of 200 spermatozoa per slide was 
analysed by the same method as the 7 categories of abnormal sperm 
morphology in the counts of 1000 spermatozoa per slide. The results 
of this analysis are summarised in Table 13. 
The analysis revealed an unexpected significant (P < 0.001) 
difference between duplicate preparations which is presumably due to 
a combination of some or all of: a) variation in the identification 
of stained and unstained spermatozoa; b) variation in the staining 
of spermatozoa; and c) technical differences between the duplicate 
slides. Such a finding reveals the 'observer-subjectivity' and 
'operator-variability' of the nigrosin-eosin staining technique for 
the differentiation of live and dead spermatozoa. 
There was no difference in the proportions of live and dead 
single-tailed haploid spermatozoa between tubes within levels. This 
suggested that the difference noted in Table 11 at this level of the 
analysis (which was only just significant, P = 0.05) was a chance 
fluctuation. 
64 
From the 3 upper levels of this analysis it is clear that 
there is a highly significant difference between the levels of the 
tubes, but no significant difference between series. The numbers 
of live and dead single-tailed haploid spermatozoa at the 5 levels 
were therefore summed over the tubes and series and are presented as 
percentages in Figure 14. 
Figure 14: Distribution of live and dead single-tailed haploid 
rabbit spermatozoa at the 5 sample levels (expressed as percentages 
from data summed over tubes and series) after having been allowed 
to settle for 2.5 h. 
Single-tailed - haptoids 







C). 	 The data from 2 preliminary experiments using the Kelly 
apparatus were evaluated by a similar complex heterogeneity X 2 
analysis to that used for the 'sperm settling' experiments after 
again pooling the numbers of double-tailed haploid, conjoined and 
fused spermatozoa to remove awkward zero values. The results of this 
analysis are presented in Table 14, from which it is clear that 
although the sources of variation due to differences between duplicate 
slides and to the interaction between media and samples (i.e. before 
and after having been allowed to swim through the fine nickel mesh) 
are not significant, there are significant differences in the 
incidences of the 7 categories of spermatozoa attributable to the 
different media as well as to whether the spermatozoa had been 
allowed to swim through the mesh or not. However, the variance ratio 
for the 'media effect' was non-significant (0.1 > P > 0.05), whilst 
that for the 'time effect' was highly significant (0.01 > P >0.001). 
Consequently whilst there is probably some difference in the incidence 
of the 7 categories of sperm morphology dependent upon the media 
(possibly related to differences in the semen which was diluted with 
the media), the major effect is in the difference before and after 
the spermatozoa had swum through the mesh. Therefore the data for 
the two experiments (having summed duplicate slides) are presented in 
Table 15. 
1 heterogentity x 2 analysis of the sources of variation in 
the incidence of live and dead single-tailed haploid spermatozoa 
between the media arid before and after having been allowed to swim 
through the mesh (see Table 16) showed there to be absolutely no 
difference in the proportion of live spermatozoa in any sample 
although it had been noted subjectively that the spermatozoa recovered 
Table 14: Analysis of variation in the incidence of 7 categories of spermatozoa in different media 
and before and after having been allowed to swim through a fine nickel mesh 
Source of variation 	 d.f. 	x 	 P 	 Variance Ratio 	 P 
between before and after 
over media) 	 6 	47.6598 	<<0.001 	a/c = 8.7907 	0.01 - 0.001 
between media 
k. over before and after) 	6 	20.0342 	0.01 - 0.001 	b/c = 3.6953 	0.1 - 0.05 
interaction 	 6 	5.4216 	0.5 - 0.3 
between preparations 
within subclasses 	 24 	31.4544 	0.2 - 0.1 
Total 	 42 	104.5700 
I.- 
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Table 15: 	Incidence of single- and double-tailed diploid and other 
abnormal forms (i.e. double-tailed haploid + conjoined + fused forms) 
in populations of 4,000 spermatozoa scored before and after having 
been allowed to swim through a fine nickel mesh 
2N 1T 	 2N2T 	'Others' 
Medium 	Sample 	L 	D 	L 	D 	L 	D 
ASP 	Before 	41 	18 	18 	8 	7 	7 
After 	32 	19 	6 	4 	3 	1 
BM 	 Before 34 8 9 13 9 11 
After 23 5 1 1 1 0 
NOTES: 2N1T 	= single-tailed diploids 
2N2T 	= double-tailed diploids 
'Others' = double-tailed haploids + conjoins + fusions 
L 	= live (i.e. unstained in nigrosin-eosin preparations) 
D 	= dead (i.e. eosinophilic  
ASP 	= artificial seminal plasma 
BM 	= Baker's medium (modified) 
Table 16: 	Analysis of variation in the incidence of live and dead 
single-tailed haploid spermatozoa between the different media and 
before and after having been allowed to swim through a fine nickel 
mesh 
Source of variation d.f. 
 between before and after 
over media) 1 0.0220 0.9 - 0.8 
 between media 
(I over before and after) 1 0.5526 0.5 - 0.3 
 interaction i 1.4150 0.3 - 0.2 
 between preparations 
within subclasses 4 8.9744 0.1 - 0.05 
Total 	 7 	10.9640 	0.2 - 0.1 
from the upper chamber of the apparatus at the end of the experiment 
had a higher overall motility than those in the lower chamber. 
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The results of the artificial insemination experiments using 
detergent-killed spermatozoa confirm the findings of Noyes et al. 
(1959), and clearly show that sperm motility is of absolute importance 
for the colonization of the cervix. 
At first the lack of success in recovering worthwhile 
numbers of spermatozoa from the barrel of the syringe in the experiments 
using the 'in vitro cervix' apparatus was puzzling. But the explan-
ation later became apparent from the 'sperm settling' experiments 
which clearly showed that motile rabbit sperm swim preferentially 
downwards due to gravitational orientation, as had been previously 
described by Branham (1969). These two systems have not been tested 
with human spermatozoa, and so the results of Botella-Liusia (1956) 
cannot be queried (although he did state that the old idea of spermatozoa 
swimming upwards was false, a statement supported by his results). 
However, the head of a rabbit spermatozoon is appreciably larger than 
a human sperm head, and this could cause rabbit spermatozoa to be 
more susceptible to gravitational orientation. This phenomenon of 
positive geotaxis may be at least a partial explanation of the fine 
mesh nature of cervical mucus (see Odeblad, 1968, 1973) in that the 
spermatozoa are constrained to swim in the narrow inter-micellar 
channels of the mucus once they have penetrated the cervical secretion 
by their normal random swimming activity. The spermatozoa once within 
the cervix would therefore be orientated to swim upwards, towards the 
cervical mucosa and thence to the higher regions of the female tract. 
..70.. 
The results of the 'sperm settling' experiments and also 
those using the Kelly apparatus demonstrate that the impaired motility 
of diploid and other abnormal rabbit spermatozoa is the basic cause 
of their lower incidence after 'selection' 
Since at the start of the 'sperm settling' experiments 
live and dead spermatozoa of each category were dispersed uniformly 
throughout the 5 levels, the observed distributions of the various 
types of spermatozoa should be related back to these initial values. 
However, at the end of the experiment the spermatozoa were greatly 
'concentrated' in the lower levels, and so the total numbers of 
spermatozoa within each sample level would have to be taken into 
account first. Since this aspect was not foreseen at the time of 
carrying out these experiments and the number of spermatozoa in each 
sample was not determined, such an analysis is precluded. 
The way in which the redistribution of live sperm (downwards) 
has affected the relative proportions of live and dead spermatozoa at 
the various levels can be seen in Figures 13 and 14. This redistrib-
ution of live spermatozoa is considered to have been brought about by 
the swimming activity of the spermatozoa while they are preferentially 
orientated in a downward direction due to the effect of gravity upon 
the 'heavier' head end of the sperm cell. Gravity will also have 
caused some of the settling of spermatozoa of all types, but since the 
relative distribution of live spermatozoa between the levels does not 
mirror that of the dead ones, which could only have been affected by 
gravity, then the 'motility-assisted' settling is interpreted as being 
the major factor affecting the redistribution. From Figure 13 it can 
be seen that live single-tailed diploids are able to reach the lower 
levels, as are live double-tailed diploids and other types of abnormal 
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spermatozoa, although to a much greater extent. Dead spermatozoa of 
all types are largely 'left behind' in the upper levels. 
The two preliminary experiments with the Kelly apparatus 
showed that the incidence of diploid and other abnormal spermatozoa 
is apparently reduced in the population of spermatozoa recovered from 
the upper chamber after swimming through the fine nickel mesh. This 
change is again greater among double-tailed diploids and other abnormal 
forms than among single-tailed diploid spermatozoa; and also greater 
among dead spermatozoa than live. 
As a general conclusion from these two series of experiments 
it can be stated that when a heterogeneous population of spermatozoa 
such as is found in the ejaculate is separated on the basis of 
motility, the proportion of single-tailed diploid spermatozoa may be 
reduced, but the proportions of double-tailed diploid, double-tailed 
haploid, conjoined and fused spermatozoa are reduced much more (as is 
the proportion of dead spermatozoa of whatever category of morphology). 
In biological terms these results have shown that the 
filtering effect of the cervix on abnormal spermatozoa (see Introduction 
to this Chapter, and also the results presented in Section A) is 
wholly attributable to the impaired motility of those spermatozoa which 
are 'selected out'. Therefore spermatozoa with morphological 
abnormalities which impair their motility (or viability) will be 
excluded from the population which establishes the cervical sperm 
reservoir, whilst those with abnormalities which do not affect their 
motility (e.g. single-tailed diploids with no other apparent faults) 
will have the same chance of reaching the site of fertilization as 
'normal' spermatozoa. The function of the cervix in this respect is 
essentially a passive one, since, as stated over 20 years ago (Botella-. 
Liusia, 1956), the 	erm select themselves. 
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CHAPTER 3 
= = a == = = = == 
STUDIES ON THE STRUCTURE OF RABBIT SPERMATOZOA WITH PARTICULAR 
REFERENCE TO DIPLOIDS 
I NTRODUCT I ON 
The only description of the morphology of diploid rabbit 
spermatozoa is that of Beatty & Fechheimer (1972) which was based 
solely on light microscope observations of nigrosin-eosin smears. 
Diploid sperm heads were described as having an area in optical 
projection of xl.532 (± 0.034 S.E.) that of haploids and also as being 
'stockier' (i.e. lower ratio of head length;breadth) and more 'pear-
shaped' (i.e. maximum breadth nearer the base of the head). This 
description was in agreement with that of diploid bull spermatozoa by 
Esnault & Ortavant (1967). The structure of the midpiece and tail of 
diploid rabbit spermatozoa was considered to be unusual only in the 
much higher incidence of partial or complete doubling of the tail than 
among haploids (i.e. 37% as against 'very rare'). 
Two possible modes of origin of diploid spermatozoa exist; 
(a) the 'coalescence' of cells that have already divided; and (b) 
'chromosome doubling' by a failure of cell division so that both 
daughter sets of chromosomes remain in the same cell; (see Carothers 
& Beatty, 1975). The relative involvement of these mechanisms remains 
undetermined; however Esnault & Ortavant (1967) suggested that diploid 
bull spermatozoa arise by chromosome doubling resulting from the 
failure of cytokinesis at the second meiotic division, an hypothesis 
supported by the interpretation of the mechanism of formation of 
partially doubled tails during spermiogenesis (see Beatty & Fechheimer, 
1972) . Obviously this problem can only be solved completely by an 
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exhaustive study of the processes of sperinatogenesis and spermio-
genesis in a male producing a high proportion of diploid spermatozoa. 
Such a study has not been feasible Lcause it would require the 
sacrifice of a buck of great value for the other studies. However, 
the morphological aspects of the present studies have yielded further 
information on the structure of diploid rabbit spermatozoa and their 
possible relationships with other types of abnormal sperm morphology 
thereby providing some insight into their possible mode of origin. 
Furthermore, in view of the absence of any efficient technique for 
obtaining diploid-rich populations of spermatozoa which could be 
used for in vitro fertilization studies, comparison of the degrees 
to which the various components of haploid and diploid sperm heads 
are affected by chemical treatments (i.e. comparison of their 
'structural labilities') has been used as a possible means of obtaining 
some information as to the intrinsic fertilizing ability of diploid 
rabbit spermatozoa. This chapter also includes some observations on 
the structure of the postacrosomel sheath of normal haploid rabbit 
spermatozoa which formed the basis for the studies described in 
Chapter 5. 
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A: 	LIGHT MICROSCOPY 
MATERIALS AND METH0I 
Semen was collected by artificial vagina and immediately 
diluted with an equal volume of formol citrate (Dott & Foster, 1975). 
It was later further diluted, using the same medium, to give a sperm 
suspension of suitable concentration for making either nigrosiri-eosin 
smears (Hancock, 1951) or smears for Casarett's staining (Casarett, 
1953). 
Nigrosin-eosin preparations wLre mJc Ly mixing an equal 
volume of stain (2 g eosin Y in 120 ml 10% nigrosin refluxed for 8 h) 
with an aliquot of the diluted semen and leaving it at room temperature 
(ca. 22°C) for 5 min before smearing on clean microscope slides. After 
allowing the smears to dry in air, permanent mounts were made using 
DPX. 
Casarett-stained preparations were made by smearing aliquots 
of the diluted semen on clean microscope slides and leaving them to 
dry in air at room temperature (ca. 22°C) before fixing in 50:50 
ethanol: ether for 3 min after which they were allowed to dry before 
immersion in stain (2 parts 5% aqueous aniline blue (C.I.42755), 1 
part aqueous erythrosin B (C.I.45430) and 1 part 1% aqueous phenol: 
Casarett, 1953) at 40-60°C for 5 mm. After rinsing in distilled 
water to remove excess stain, the slides were allowed to dry in air 
before mounting with DPX. 
These preparations were viewed by bright field illumination 
at a magnification of xl000 (using oil immersion) under a Leitz 
Ortholux microscope. Photomicrographs were taken on Ilford Pan F 




Plates 1 and 2 show the appearance of rabbit spermatozoa 
in nigrosin-eosin and Casarett stained preparations respectively. 
The figures show haploid, diploid and presumed tetraploid classes as 
well as 'pinhead', 'conjoined' and 'fused' forms. As described by 
Beatty & Fechheimer (1972), diploid speririatozod are stockier and more 
pear-shaped, as well as larger, than haploids (see Introduction). 
Presumed tetraploid spermatozoa show the sane general characteristics 
of shape as diploids but are even larger (see below). It can be seen 
that diploid spermatozoa sometimes possess a rod-like structure 
extending anteriorly from the basal plate through the postacrosomal 
region and sometimes the acrosomal region as well.. The precise 
location of this 'rod' (which has a refractile appearance when viewed 
under phase contrast illumination) within the head cannot be determined 
from these preparations. 'Pinhead' forms are probably derived from 
aneuploid sperinatids with less than haploid chromosome complements, 
whilst from the known sequence of events during spermiogenesis (see 
Pl8en, 1971) 'fused' spermatozoa are probably formed by the fusion of 
two spermatids (probably by the opening of intercellular bridges) 
fairly early in spermiogenesis or to a failure of separation of cells. 
'Conjoined' spermatozoa (see Kojima, 173) are probably due to the 
fusion of two developing spenriatids sometime during the later stages 
of tail elongation or even just prior to spermiation. 
The head areas of 'pinhead', haploid, diploid and presumed 
tetraploid spermatozoa were measured with a 1-laff planimeter from 
tracings made from 35 an negatives at a magnification of x6180 using 
a photographic enlarger (for examples see Figure 15), and the results 
obtained are presented in Table 17. 
Figure 15: Copies of actual tracings (see text) of 'pinhead', 
haploid, diploid and presumed tetraploid rabbit spermatozoa to show 









Table 17: 	Head areas of 'pinhead', haploid, diploid and presumed 
tetraploid rabbit spermatozoa measured with a planimeter 
Sperm type head area (arbitrary "miL) 
'Pinhead' 109, 	111, 160, 164 (n 4) 
Haploid 209.64 	(+ 1.98 SE), (n = 2, 	range 	188-225) 
Diploid 311.80 	(+ 3.71 SE), (it 	= 25, range = 266-339) 
Tetraploid (?) 364, 	1371, 448, 500 (n = 4) 
Thus diploid spermatozoa in the present study have head 
areas in optical projection x 1.487 that of haploids. This figure 
agrees well with that of x 1.532 reported by Beatty & Fechheimer (1972). 
No comparable relationships for the head areas of the two apparent 
groups of 'pinhead' spermatozoa or of the rather variable group of 
presumed tetraploid spermatozoa were found. 
Plate 3 shows the appearance of various morphological 
abnormalities of haploid rabbit spermatozoa. The incidence of these 
forms among haploid spermatozoa is extremely low, so that they are 
probably of no functional significance if, I 	ej ac;ui t t s o1 hiul thy 
fertile Lucks. 	However, when spici.f i: afi;c.nitalits are present at: 
high levels they adversely affect fertility (see reviews by bishop & 
Walton,19E10; Hancock, 1972; Jones, l91). An identical series of 
abnormalities may be found among diploid spermatozoa, again at such 
low levels as to render accurate quantitation impracticable: however, 
a subjective conclusion is that the general occurrence of such 
abnormalities is higher among diploid than haploid spermatozoa. 
haploid - single tail diploid - single tail 
diploid - two separate tails 	diploid - two tails fused 
'pinhead' 
"fused" form - single tail 
double "conjoin" 
presumed tetraploid 
fused" form - double tail 
tripte 'conjoin 
PLATE 1: rabbit sperm morphology, major 
categories, nigrosin-eosin staining ('live") 
10 urn. 









diploid - small 'rod' 
S 
I 
diploid - large 'rod' 
diploid - two separate tails 
	




"fused" form - single tail 
PLATE 2: rabbit sperm morphology, major 








44 	 4b 
loss of acrosome 	 no acrosome 
apical droplet 	 double tail 
- 	 --p 
I . ' 
non-inserted tail 	 bent tail 
terminal loop in tail 
	
ref lexed tail 
C  4r 
knotted tail 	 coiled tail 
PLATE 3 rabbit sperm morphology, abnormal 
types of haploids, cctsarett's staining 
1O urn. 
B: 	TRANSMISSION ELECTRON MICROSCOPY 
The fine structure of mammalian spermatozoa has been the 
subject of a great deal of research (see reviews by Fawcett, 1958, 
1970, 1975; Bishop & Walton, 1960; Bishop, 1961; Hancock, 1966; 
Phillips, 1975b: also symposia edited by Eaccetti, 1970; Afzelius, 
1975; and books by Phillips, 1974; Baccetti & Afzelius, 1976). The 
convenience of the rabbit as a laboratory animal and the ease with 
which semen may be collected, have resulted in many studies of its 
spermatozoan ultrastructure. These include transmission electron 
microscopy of thin sections: Isawa, 1903; Hadek, 1963; Bedford, 
1963a,b, 1964, 1965, 1968, 1972b; Nicander & Bane, 1966; Bedford, 
Cooper & Calvin, 1972; Bedford & Nicandr, 1971; Plöen, 1971; 
Teichman & Bernstein, 1971; BernsLein & I'eichman, 1972; Gordon, 1972; 
Phillips, 1972; F1chon, 1074b; Gordon, Dandekai & Bartoszewicz, 
1974, 1975; Courtens, Courot & Flchon, 1976; Gordon & Dandekar, 
1977; 	freeze-etching: Koehler, 1969, 1970a,b,c; Fléchon, 1974a; 
and 
surface replication: Koehler, 1975a,b; ,< scanning electron microscopy: 
Dott, 1969; Gould, Zaneveld & Williams, 1971; Ilafez & Kanagawa, 1973; 
Flchon & Bustos-Obregori, 1974; Motta & van Blerkom, 1975. However, 
none of these studies has provided a description of large-headed (i.e. 
diploid) spermatozoa. 
MATERIALS AND METHODS 
(1) 	Thin sectioning 
Semen was collected by drLificidl vagina and diluted with a 
4x volume of fixative consisting of 4% glutaraldehyde in 200 mM sodium 
cacodylate buffer with 4% sucrose and 0.01% calcium chloride. This 
mixture was left at room temperature (ca. 22°C) for 60 min after which 
time the spermatozoa were pelleted in plastic haematocrit tubes by 
centrifugation at 1000 .2 for 20 mm. After removal of the supernatant, 
the tip of the tube containing the pellet was cut off with a razor 
blade and the pellet gently removed into 200 	cacodylate buffer with 
6.6% sucrose. During the course of two 30 min rinses in this buffer 
the pellet was broken into smaller pieces after which the spermatozoa 
were post-fixed for 60 min in 1% osmium tetroxide in 200 mM cacodylate 
buffer with 6.6% sucrose. After rinsing in three 10 min changes of 
fresh buffer (200 mM cacodylate with 6.6% sucrose) the spermatozoa 
were dehydrated in a graded series of aquccus acetones: 15 min in 
each of 50%, 75% and 95% strengths, plu 	x 15 min and i x 30 min in 
100% acetone. Dehydration was completed in propylene oxide (two 15 
min changes) before impregnation with a 50:50 mixture of propylene 
oxide and epoxy resin for 20 min followed by 60 min in fresh resin 
(the resin used for impregnation lacking accelerator; see below). 
The pellet fragments were then embedded in complete epoxy resin (a 
modification of the recipe of Mollerihauer (1964) comprising: 3.75 ml 
Epon 812, 3.0 ml Araldite CY212, 9.0 ml DL)SA hardener and 0.315 ml 
DMP-30 accelerator) in gelatin capsules, which were then cured at 
60°C for 48 h. 
Thin ('silver') sections were cut on a Sorvall 'Porter-Blum' 
MT1 ultramicrotome using glass knives made on an LKI3 
The sections were picked up on 200-mesh copper grids 
carbon support films, stained with 2% uranyl acetate 
for 15 min followed by lead citrate (Reynolds, 1963) 
viewed in an AEI EMCB transmission electron microsco] 
at an accelerating voltage of 60kv. 
Knifemaker. 
with formvar/ 
in 50% methanol 
for 10 mm, and 
e (TEM) operating 
(2) Freeze-etching 
rjj1jg technique of specimen preparvi on for transmission 
electron microscopy, first introduced by Steere in 1957, eliminates 
dehydration and embedding as possible sources of artefacts. The 
making of replicas of etched cleaved frozen specimens reveals cell 
components in relief, thus facilitating interpretation of the three-
dimensional configuration of the cells without the need for serial 
sectioning and reconstruction. It also permits the visualisation of 
large areas of intracellular membranes which could not otherwise be 
observed. Since the theory and instrumentation of the process have 
been described in detail by Moor (1965, 1066) and by Koehler (1968, 
1972b) , such details will not be repeated in the brief outline of 
the procedure presented below. 
Semen was collected by artificial vagind, diluted 1+9 with 
a cryoprotectant medium consisting of 10 glycerol in hank's BSS, and 
left to equilibrate at room temperature (ca. 22 0C) for 60 win. The 
sperm suspension was then centrifuged at 1000 2 for 10 win and the 
spermatozoa resuspended in fresh cryoprotectant before being centri- 
fuged again. After removal of the supernatant the second time, aliquots 
of the paste-like sperm concentrate were transferred to small, nickel-
coated, brass specimen stubs, and frozen by plunging into liquid Freon 
22 ('quenching'), and then stored in liquid nitrogen until they could 
be freeze-etched and replicated in a l3alzers 360M Freeze-Etching plant. 
The specimen stubs were quickly transferred, using cold 
forceps, from the liquid nitrogen to the cold (-196 °C) specimen table 
of the freeze-etching apparatus, the chamber of which was then evacuated 
to a pressure in the region of 4 x 10- 
6 
 Torr (i.e. 5.3 x 10_8  Pa). At 
this pressure the frozen specimen was fractured with a liquid nitrogen-
cooled microtome and the exposed surface subjected to a brief (60 s) 
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period of 'etching' (or, more correctly, vacuum sublimation of the ice 
in and around the cells) at a temperature of -1000C. The relief thus 
produced in the fractured face of the specimen (about 20 nm) was then 
shadowed by evaporating a mixture of platinum and carbon onto the surface 
from an angle of 
450,  and this very thin metal film was strengthened 
with a 'backing' layer of carbon evaporated onto it from 900.  By this 
means a true replica of the etched fracture face through the frozen 
specimen was produced. After the chamber had been vented to the atmos-
phere, the specimen stubs were removed from the cold stage and thawed 
over water. The replicas were allowed to float onto the surface of the 
water and adhering biological material removed by treatment with a 
solution of sodium hypochiorite (at p11 11 1-LI) ovenight, followed by 
sulphuric acid (at pH 1-2) for a turtlier day. The clean replicas were 
then picked up on copper electron microscope grids (without supporting 
films), and the excess water carefully removed with filter paper. The 
grids were then placed in a desiccator for a few days before being 
examined in a Philips EM 301 TEM operating at an accelerating voltage 
of 60kv. 
Normally specimen stubs made of yold are used for freeze-
etching specimens but these were unavailable at the time when this 
material was being prepared and so stubs made of nickel coated brass 
were used. Unfortunately, the heat transferance characteristics of 
brass are inferior to those of gold and this resulted in a reduced rate 
of cooling when the specimen was quenched in the liquid Freon. As a 
consequence there was a tendency for the eutectic mixture surrounding 
the spermatozoa to separate into g1yckrol ai,d aqueous (saline) phases. 
This produced a background with tlit 	peu dflUe of 'crszy paving', 
although it did not seem to have caused any artefactual distortion of 
the spermatozoa and it is unlikely that it would have affected the 
patterning of the intra-inembranous particles. 
(3) 	Surface replication 
This is one of the oldest preparative techniques for electron 
microscopy but has now been generally replaced by the scanning electron 
microscope. It is still a valuable technique for observing the surfaces 
of cells since the TEM is capable of far greater resolution than the 
SEM. 
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effects of modifying the processing schedule on the appearance of the 
replicated spermatozoa. There was found to be less flattening of the 
sperm head when the spermatozoa were fixed in suspension, preferably 
using a large volume of fixative, rather than as air-dried smears, 
but the incorporation of a dehydration stage between fixation and 
drying down was found to have minimal effect upon the appearance of 
the spermatozoa. 
As a consequence of these preliminary studies, the following 
procedure was established for the routine preparation of surface 
replicas of rabbit spermatozoa. 	The semen was diluted 1+9 with saline 
(usually flank's BSS) and the spermatozod i. ovcru-d from suspension by 
centrifugation at 500 9 for 10 mm. After resuspension in fresh saline, 
the spermatozoa were fixed by the addition of an equal volume of 4% 
glutaraldehyde in 200 mM sodium cacodylate buffer and left at room 
temperature (ca. 22 0C) for 60 mm. After fixation the spermatozoa 
were washed in one change each of fresh buffer and distilled water 
before being finally suspended in a small volume of distilled water. 
Between each of these steps the spermatozoa were recovered from 
suspension by centrifugation at 500 9 for 10 mm. The final suspension 
of spermatozoa was adjusted by the addition of fuither distilled water 
to give a suitable concentration such that the spermatozoa were not 
overcrowded after drying-down for whichever method of replica preparation 
was used. 
Spermatozoa were air-dried onto cler, pieces of glass, 
freshly split mica, or onto 200 mesh copper EM grids with formvar 
support films, and replicas were prepared by shadowing at 45 ° with 
platinum/carbon and 'backing' at 9Q0  with carbon (see section on 
Freeze-Etching) in an AEI evaporator at a vacuum of about 10- 
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(i.e. about 1.3 x 10- 6 Pa). Replicas made on glass or mica were 
floated off onto distilled water before cleaning (see section on 
Freeze-Etching), but those made on formvar-coated grids had to be 
treated differently to prevent damage to the grids. 
For these replicas the formvar film was dissolved by dipping 
the grids in chloroform before the replicas could be cleaned. Cleaning 
was effected by floating the grids on the sodium hypochiorite solution 
for a maximum of 2 h; longer treatment with bleach, or the use of acid, 
were both obviously impracticable for fear of dissolving the grids. 
These replicas were viewed in the electron microscope on the grids on 
which they had been made, whilst those prepared on glass or mica were 
broken into smaller pieces and picked up on 200 mesh grids without 
support films. 
Of these three methods, the U5t of mica was found preferable 
since the surface of freshly split mica required no cleaning and the 
replicas floated off more readily than from glass. The use of EM grids 
with forrnvar support films is a valuable technique when only small 
amounts of material are available, but the necessarily less thorough 
cleaning often results in residual biological material adhering to the 
replicas. 
RESULTS 
Despite the large amounts of nterial prepared for the 
present studies, no electronmicrographs were obtained of spermatozoa 
which could definitely he described as diploid from either the thin-
sectioning or freeze-etching preparations. This is considered to be 
due to a combination of the necessarily random planes of the sections 
or fractures and the low (albeit the highest available) incidence of 
diploid spermatozoa in the material. Even the rod-like structure seen 
under the light microscope (see Plates 1 and 2) was not found, presumably 
because of its presence in only a few diploid spermatozoa. However, 
in the surface replica preparations, where the spermatozoa were viewed 
in the same aspect as in smears prepared for light microscopy, diploid 
spermatozoa were easily recognised by their head size and shape. 
The head of a normal (haploid) rabbit spermatozoon is 
basically paddle-shaped (see Plate 4 and Figure 16) and measures 
approximately 8 x 4 x 1 lim. The central nucleus is enclosed anteriorly 
by the cap-like acrosome and posteriorly by the postacrosomal sheath 
(sometimes called the postnuclear cap). The acrosome covers about the 
anterior two-thirds of the head and can be divided into two parts: 
the first is a 4 gm long anterior segment which has a swollen, 
horseshoe-shaped marginal zone. This marginal thickening diminishes 
progressively in the posterior direction so as to be no longer 
distinguishable at the junction with the second, equatorial, segment 
of the acrosome. The equatorial segment, usually less than a third of 
the acrosome, is crescent-shaped with a convex anterior limit and 
short lateral edges. At the margin of the equatorial segment where it 
joins the anterior cap segment of the acrosome, between the nuclear 
envelope and the inner acrosomal membrane, there are amorphous cyto-
plasmic bulges or 'blisters' (see also Plate 6). These bulges have 















Figure 16: Diagrammatic representation of the structures of the 








(a. p.j. = acrosome- postacrosomal) 
sheath junction 
SCALE: i 1.um , 
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been reported to contain concentrations of acid pliosphatase activity 
(see Teichman & Bernstein, 1971). The plasmalernina shows differences 
in its granular patterning, visible in both surface replica (Plate 7A) 
and freeze-etch (Plate 78) preparations, where it overlies the two 
segments of the acrosome. The acrosome-posLacroSowal sheath junction 
is a straight or slightly curved ridge showing regular saw-tooth 
serrations at the anterior margin of the postacrosomal sheath (Plates 
4, 7C, 58). Behind this junctional zone the surface of the more 
anterior half of the postacrosomal sheath shows rows of depressions 
(see Plate 4, and also Plate 5A). Occasionally striaLions are visible 
on the main surface of the postacrosomal sheath (Plate 7C), evidence 
of which can be seen in the dense layer of the sheath which is closely 
apposed to the plasmalemma (and separated from the nuclear envelope 
by a more amorphous layer of perinuclear cytoplasm) in thin sections 
through the head at this level (Plate 68). In the most. posterior 
region of this postacrosomal zone, cord-like structures are often 
visible associated with the posterior ring which demarcates the 
posterior limit of the sheath. These are the basal cords (Plate 7C). 
The posterior ring is a well-defined, belt-like constriction which 
appears as a sort of seal around the posterior part of the head (possibly 
functioning to separate the main part of the sperm head, including the 
acrosome with its lytic enzymes, from the tail compartment of the sperm 
cell). When seen in freeze-etch preparations, the posterior ring shows 
a characteristic fine (10 run) periodicity (Plate 7C). The nuclear 
envelope of the spermatozoon is typically devoid of nuclear pores in 
all regions anterior to the posterior ring. Behind this structure, 
in the so-called 'redundant nuclear envelope' (and with the exception 
of the basal plate) there are nuclear pores closely packed in hexagonal 
array. These are often visible as 'bumps' in surface replica 
preparations caused by the plasmalemma 'drying down' onto the under-
lying nuclear envelope through the pores in which intranuclear 
material is protruding (Plates 4 and 7A; see also Mortimer & 
Thompson, 1976). The nucleus consists of condensed chromatin with 
very little karyoplasm (Plates 5 and 6). At the posterior end of 
the nucleus there is a concavity, the so-called implantation fossa, 
where the nuclear envelope is reinforced externally to form the 
basal plate where the connecting piece of the neck is attached to the 
head (Plate 5A). As well as the subacrosomal bulges and the material 
between the nuclear envelope and the postacrosomal sheath mentioned 
earlier, there is also a perinuclear cytoplasmic element extending 
under the entire anterior portion of the head between the nuclear 
envelope and the inner acrosomal membrane. This is the perforatorium. 
In most places the perforatorium is simply a thin lamina, but at the 
edges of the head, beneath the marginal thickening of the acrosome, 
it appears as a larger ridge-like structure in the plane of the 
flattening of the head (Plates 5A and 6). When the condensed chromatin 
of the nucleus is cross-fractured in freeze-etch preparations it is 
revealed as a series of lamina parallel to the plane of flattening of 
the head. This lamellar structuring is Lelieved to be responsible for 
the strong orientation-dependent birefringence exhibited by rabbit 
spermatozoa when viewed under the light microscope (see Koehler, 1970a). 
The plasmaleinma over the sperm head is continuous with that behind 
the posterior ring but shows regional specialisations, e.g. over the 
anterior cap zone and equatorial segments of the acrosome (see above), 
or over the fibrous annulus at the junction between the middle and 
principal pieces of the tail. 
Plate 8 shows the appearance in surface replica preparations 
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of haploid, single- and double-tailed diploid and 'fused' rabbit 
spermatozoa. It is clear from these electronmicrographs that diploid 
spermatozoa show all the topographical features of normal haploid 
spermatozoa, but in addition sometimes show a bulge in the post-
acrosomal region obviously corresponding to the refractile rod-like 
structure seen by light microscopy. 'Fused' spermatozoa also possess 
all the surface features characteristic of rabbit spermatozoa, although 
there is often some disturbance of junctional zones (i.e. the acrosome-
postacrosomal sheath junction and the posterior ring) probably related 
to the unusual head shape. 
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ABBREVIATIONS USED IN LABELLING PLATES 
acr = 	acrosome 
apj = 	acrosome-postacrosomal sheath junction 
bc = 	basal cords (of postacrosomal sheath) 
bp = 	basal plate 
bs 	= basal surface of head 
cp 	= connecting piece (of neck) 
es 	= equatorial segment (of acrosome) 
iam 	= inner acrosomal membrane 
if 	= implantation fossa 
mt 	= marginal thickening of acrosome 
ne 	= nuclear envelope 
nuc 	= nucleus 
oam = outer acrosomal membrane 
pas = postacrosomal sheath 
pf 	= perforatorium (part of perinuclear substance) 
p1 = plasmalemma 
pns = perinuclear substance (cytoplasmic element) 
pr = posterior ring 
ps 	= parallel striations (of postacrosomal sheath) 
sab = subacrosomal bulges (of perinuclear substance) 
sc 	= striated columns (of connecting piece) 
x 	= more coarse semicircular area of oam of equatorial segment 
OW = localised distention of the acrosome 
= outer acroso:nal membrane visi1e through hole in plasmalemma 
For the convenience -f the reaser, a loose copy of this list of 
abbreviations and symbols is provided in a pocket inside the back 














Plate 5: 	Thin sections of haploid rabbit sperm heads: 
A = Horizontal longitudinal section 
B = Parasagittal section 
(For detailed description see text) 
apJ. 
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PLATE 5 
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Plate 6: 	Thin sections (A-c) and freeze-etch replicas of haploid 
rabbit sperm heads: 
A = Transverse section through region of anterior cap-zone 
of acrosome 
B = Transverse section through postacrosomal region 
C = Transverse section through region of the subacrosomal 
bulges 
D = Transverse fracture through region of the subacrosomal 
bulges 
E = Longitudinal fracture through anterior cap-zone of 
acrosome to show the marginal thickening of the acrosome 
and the perforatorium 
(For detailed description see text) 
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Plate 7: 	Surface replica (A) and freeze-etch replicas of haploid 
rabbit sperm heads: 
A = Surface replica to show variations in the particulate 
patterning of the different regions of the head 
13 = Freeze-etch replica to show variations in the 
particulate patterning of the different regions of the 
acrosome. Note that the postacrosomal sheath has been 
almost entirely removed, revealing the nucleus 
C = Freeze-etch replica of the postacrosomal region to show 
the fine structure of the dense lamina and basal cords 
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Plate 8: 	Surface replicas of haploid, single- and double-tailed 
diploid, and 'fused' rabbit sperm heads 




C: 	CHEMICAL DISSECTION 
MATERIALS AND METHODS 
The use of chemical agents to determine the nature of sperm 
head organelles has been described on several occasions (Bedford & 
Calvin, 1974; Koehler, 1973; Mahi & Yanagimachi, 1975; Millette, 
Spear, Gall & Edelman, 1973; Srivastava, 1973; wooding, 1973, 1975). 
By using chemical dissection the relative stabilities and labilities 
of the structural components of the sperm head as well as their three-
dimensional organisation can be determined. 
Ejaculated spermatozoa were collected by artificial vagina 
and aliquots incubated in a lOx volume of treatment medium (for details 
of the various media see below) for 10 min at room temperature (ca. 
220C). The spermatozoa were then washed in 2 ml of Hank's BSS before 
fixation for 60 min at room temperature in 2 ml of 4% glutaraldehyde 
in 200 mM sodium cacodylate buffer with 4% sucrose. After fixation 
the spermatozoa were rinsed first in 2 ml of fresh buffer (200 MM 
sodium cacodylate with 6.6% sucrose) and then in 2 ml distilled water. 
Between each of these steps the spermatozoa were recovered from 
suspension by centrifugation for 5 min at 500 2. The spermatozoa were 
finally suspended in distilled water to a suitable concentration so 
that when droplets of the spermatozoa were air-dried onto 200 mesh 
copper EM grids with formvar support films the spermatozoa were not 
overcrowded. Replicas were made and cleaned as described in the 
previous section and viewed in an AEI EM6B TEM operating at an acceler-
ating voltage of 60kv. 
The formation (and criteria for usage) of the media used 
for chemical dissection were: 
Group A: 	Control, Hank's BSS 
Group B: 	Distilled water, (to effect stripping of the plasmalemma and 
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cytoplasm Ly osmotic shock). 
Group C; Medium comprising equal parts of 0.1 M sodium borate, 2% 
sodium dodecyl sulphate (SDS) and 0.3 M 2-mercaptoethanol, 
all made up in distilled water, (dissolution of all parts 
of the sperm cell, see Koehler, 1973) 
Group D: 	4 M urea in distilled v.'Ler, (disruption of the acrosome, 
see Koehler, 1973). 
Group E: 	0.5% MgCl 2 in Hank's BSS, (removal of the plasmalemina, 
Phillips, 1075a, and release of acrosomal contents, see 
Srivastava, 1973). 
Group F; 	0.1% Triton X-lOO in Hank's BSS, (disruption of the 
acrosome, see Wooding, 1973). 
Group G; 	0.045% NaCl in 15% ethanol, (to remove the plasmalemma, 
see Preer, 1959) 
Group H: 	2% SDS in Hank's BSS, (disruption of the acrosome, see 
Koehler, 1973). 
RESULTS 
Electronmicrographs showing the typical appearance of haploid 
and diploid spermatozoa from each treatment group are presented in 
Plates 9-16. In each plate the upper and lower micrographs are of 
haploid and diploid spermatozoa respectively. Whilst accepting that 
chemical treatment of spermatozoa may induce artefactual changes in 
their fine structure, observations on the effects of identical 
treatments on haploid and diploid spermatozoa should yield information 
on the organisation and la.bilitieg of their constituent structures 
enabling the two types of spermatozoa to be compared (see below). 
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Group A (Plate 9) 	In the control group the normal surface landmarks 
of the rabbit sperm head (the horseshoe-like marginal thickening of 
the acrosome, the subacrosomal bulges, the equatorial segment, the 
postacrosomal sheath, the acrosorne-postacrosomal sheath junction and 
the posterior ring) are clearly visible. The pits of the postacrosomal 
sheath and the basal cords are not discernible due to their being 
overlaid by the plasrnalernma. The fine granular material distributed 













Group A: control (Hank's BSS) 
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Group B (Plate 10) 	Treatment of spermatozoa with distilled water 
induces severe osmotic stress resulting in a stripping of the plasma-
lemma, revealing the outer acrosomal membrane (the acrosome itself 
still being intact) and the outermost features of the postacrosomal 
sheath. These are a narrow featureless band 0.3 pm wide immediately 
posterior to the acrosome-postacrosomal sheath junction followed by 
a region just over half a micron wide showing small pits, and then a 
further featureless region extending almost all the way to the 
posterior ring. Just in front of the posterior ring there are the 
basal cords. 
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Group C (Plate 11) 	This medium caused the complete dissolution of 
all the sperm head structures, leaving only nuclear material which was 
itself beginning to decondense. The degree of nuclear decondensation 
after the period of incubation in the treatment medium was slightly 
variable, probably reflecting slight differences in the maturity of 
the various spermatozoa (see Bedford, Cooper & Calvin, 1972). However, 
in all cases the chromatin of the equatorial part of the nucleus is 
more decondensed than that associated with the implantation fossa 
(see also Bedford & Calvin, 1974). Although this variable degree of 
decondensation made it more difficult to distinguish between haploid 
and diploid nuclei, the nucleus shown in Plate llB is considered to 
be from a diploid spermatozoon. 
j urn, 
PLATE 11 
Group C: equal parts OIM sodium borate. 
2% SOS, 03M 2-mercaptoethanol 
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Group D (Plate 12) 	Spermatozoa treated with 4 M urea show complete 
loss of the plasmalemma and outer acrosomal membrane, as well as a 
large part of the acrosome contents and some of the matrix substance 
of the postacrosomal sheath. Around the anterior margin of the head 
the perforatorium is visible although still enclosed by the inner 
acrosomal membrane, the granular patterning on which probably represents 
either remaining enzyme molecules or enzyme molecules actually bound 
to the membrane. In the postacrosomal sheath region there has been 
some removal of the matrix in all its regions posterior to the feature-
less band associated with the acrosome-postacrosomal sheath junction. 
This has revealed more and deeper pits in the anterior half of the 
postacrosomal sheath, whilst the previously featureless posterior half 
is now characterized by fine oblique striations. The basal cords have 
also been removed. 
i urn, 
PLATE 12 
P---!-. 4 M urea 
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Group E (Plate 13) 	Although MgC1 2 causes dissolution of the plasma- 
lemma, the acrosome remains 	intact, as does the postacrosomal 
sheath. Srivastava (1973) using MgC1 2 at a similar concentration, 
reported the removal of a significant percentage of acrosomes from 
rabbit spermatozoa after homogenization. Although the sperm head 
still appears virtually intact there may have been some weakening 
of either the outer acrosomal membrane or, more probably, the attach-
ment of the acrosome to the postacrosomal sheath. 
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Group F (Plate 14) 	The detergent Triton X-100 has been used in 
several studies to remove the acrosomes from mammalian spermatozoa 
(e.g. Srivastava, 1973; Wooding, 1973), but as can clearly be seen 
in the micrographs, the present treatment regime has affected only the 
part of the acrosome anterior to the subacrosomal bulges, the parts 
of the acrosome overlying the bulges and the equatorial segment appear 
undamaged. These observed differences from the results of Wooding 
(1973) are considered to be due to the lower incubation temperature 
(ca. 22°C as opposed to 37 0C) used in the present study. There has 
also been some slight dissolution of the postacrosomal sheath matrix 
to a state between those found in Groups B and D. 
j im, 
PLATE 14 
Group F: 01% Triton X-100 in Hank's BSS 
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Group G (Plate 15) 	Treatment with hypotonic salt and ethanol induces 
the removal of the plasmalemma and also causes some damage to the 
acrosome, especially its marginal thickening, but appears to leave 
the postacrosomal sheath intact. 
j urn 1 
PLATE 15 
Group G: 0045% NaCI in 15% ethanol 
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Group H (Plate 16) 	SDS almost instantaneously cleaves the tails from 
the heads of the majority of rabbit spermatozoa and also effects 
complete removal of the acrosome (see also Chapter 2, section Bi). 
The perforatorium is visible around the anterior margin of the head, 
but from the appearance of the subacrosomal bulges the inner acrosomal 
membrane is still present. There has been very little damage to the 
postacrosomal sheath (cf. Plate 10). 
i urn, 
PLATE 16 
Group H: 2% sos 
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The morphological abnormalities of diploid rabbit spermatozoa 
seem to be restricted to their larger size (and slightly different 
shape) , the presence in some of a rod-like structure extending 
anteriorly from the basal plate, and a frequent partial or complete 
doubling of the tail. 
Since diploid and presumed tetraploid spermatozoa show no 
evidence of being binucleate, they cannot have been formed by the 
fusion of spermatids either before or during spermiogenesis and so 
must arise from single round spermatids with diploid or tetraploid 
chromosome complements. 'Pinhead' spermatozoa are probably derived 
from round spermatids with less than haploid chromosome complements. 
The relatively normal shape of these three types of genetically 
abnormal spermatozoa (see Figure 15, Plates 1 and 2) must therefore 
constitute evidence against the proposal that the head shape is 
primarily determined by the highly specific manner in which the 
chromosomes of the round spermatid condense (see Fawcett, Anderson & 
Phillips, 1971) 
At the ultrastructural level the head of a diploid rabbit 
spermatozoon appears essentially normal. The acrosome is larger, 
since it was formed on a larger nucleus, but otherwise looks exactly 
the same as that of a haploid spermatozoon. The postacrosomal sheath 
has an identical fine structural organisation to a haploid spermatozoon 
and the perinuclear cytoplasmic element (including the perforatorium 
and the subacrosomal bulges) , the acrosome-postacrosomal sheath junction, 
and posterior ring, also appear normal. Only the occasional presence 
of the rod-like structure is unusual. The nature of the 'rod' is still 
unknown although it could be speculated to be associated with the 
presence of an extra proximal centriole. 
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Studies employing chemical dissection techniques not only 
provide further evidence for the similarities in the three-dimensional 
organisation of diploid and haploid sperm heads, but also show that 
the structural components of diploid sperm heads possess the same 
labilities as in haploid sperm heads. All treatments caused at least 
some disruption of the plasmalemma over the sperm head if not its total 
removal. Several treatments also caused damage to the acrosome, in 
ways which indicate an increased lability of the anterior cap zone 
compared to the equatorial segment. Such a difference is in accordance 
with the known sequence of events of the mammalian acrosome reaction 
(e.g. Bedford, 1968; Yanagimachi & Noda, 1970a). Furthermore, the 
differences in chromatin stability found after treatment with medium 
C (equal parts of 0.1 M sodium borate, 2% SDS and 0.3 M 2-mercapto-
ethanol) are comparable to those found in fine structural studies of 
mammalian sperm incorporation into thu egg (e.g. Yanagimachi & Noda, 
1969; Bedford, 1970, 1972b). The postacrosomal sheath appears to be 
a very stable lamina of dense cytoplasmic material, being only slightly 
affected by 4 M urea and even less by 2% SDS (although it was completely 
solubilized by treatment medium C). Such results confirm the findings 
of Koehler (1973) and thereby provide further evidence for the proposal 
that the postacrosornal sheath is an important region for the maintenance 
of the structural integrity of the sperm head (Fawcett & Ito, 1965). 
The present results show that the very precise substructural character-
istics of this region of the head are identical in haploid and diploid 
spermatozoa. Therefore although no further light has been shed on 
the vexed question of the functional significance of the postacrosomal 
sheath (see Koehler, 1970a; Plattner, 1071; Gordon, 1972; also 
Chapter 5), diploid spermatozoa would seem to possess the same 
potentialities as haploids. 
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With regard to the question of the intrinsic fertilizing 
ability of diploid rabbit spermatozoa, this can only be answered 
conclusively by in vitro fertilization studies, which are rendered 
impracticable by the lack of any tt2c1wijue for oLtaining populations 
of spermatozoa with sufficiently IILjl1 proportions of diploids. 
However, the present morphological studies suggest that there are no 
grounds for proposing a lack of fertilizing ability of diploid sperm-
atozoa, and indicate that, on structural considerations at least, 
diploid spermatozoa should be capable of penetrating the egg investments 
and undergoing syngamy. This assumes that diploid spermatozoa in vivo 
actually reach the site of fertilization in the tubal ampulla (see 
Chapter 2, section A). 
Recently published results on in vitro fertilization studies 
in the mouse (Maudlin & Fraser, 1977) have shown that diploid spermatozoa 
are able to fertilize eggs in this species. 
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CHAPTER 4 
STUDIES ON HUMAN SPERM TRANSPORT 
INTRODUCTION 
The study of sperm transport in the female tract of humans 
is clearly of prime importance both in our efforts to control fertility 
and in the treatment of subfertile couples. However, there are 
considerable gaps in our knowledge and although results of studies on 
other vaginally inseminating eutherians can be used to guide research 
in the human, findings from such studies are not always applicable to 
the human situation owing to considerable species differences. These 
differences are found not only in the anatomy of the penis and cervix, 
but also in the neuro-humoral responses of the female to coitus, and 
even in the physiological and biochemical characteristics of the semen 
and the secretions of the female tract. Because research on humans is 
fraught with ethical and logistic complications, much of the early 
literature (which has recently been fully reviewed, see Ahigren, 1975; 
Hafez, 1973a,b, 1976) is open to question due to difficulties in per-
forming carefully controlled series of experiments and reliable data 
collection. 
Research on sperm transport may be considered as being aimed 
at answering four main questions: 
What is the time required for spermatozoa to reach the 
tubal ampulla (or fimbria) from the external cervical as, (the so-called 
'sperm migration time')? 
How long after coitus (or artificial insemination) can 
viable spermatozoa be found in the female tract, ('sperm survival 
time')? 
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How many spermatozoa are present at the various levels 
of the female tract, especially the potential site of fertilization 
in the ampulla ('sperm numbers')? 	(This consideration must also 
involve a temporal aspect and be rlateJ to the numbers of spermatozoa 
inseminated). 
Which spermatozoa out of the large heterogeneous 
population of the ejaculate reach the site of fertilization? 
Studies of sperm structure, motility, physiology and immunology are 
basic to all these questions and so are not considered as separate 
problems. 
The majority of the studies to date have been of the 'time 
and quantitation' type yielding information on the first 3 problems 
listed above. However, the findings of these early investigations 
using excised tracts or on patients often with pathological conditions, 
usually incorporating no correlation to the ovulatory status of the 
patient, the phase of the menstrual cycle, or the quality of the semen, 
must be open to question. Only in recent years have attempts been 
made to characterize human sperm transport under controlled, assessable 
conditions in normal women. The study of Settlage et al. (1974) showed 
that: (a) spermatozoa can be recovered from the oviduct within 5 mm 
of the deposition of whole semen in the proximal vagina; (b) the number 
of spermatozoa found in the oviduct is directly related to the population 
in the inseminate; (c) a constant level (i.e. a few tens of) spermatozoa 
in the oviduct exists from 15 - 45 min after insemination, but this is 
greatly reduced by 6 hours; (d) while the total number of spermatozoa 
present in the cervix appears to be constant until 48 h after Alu, no 
tubal spermatozoa could be found in the patient studied at this time. 
The temporal distribution of tubal spermatozoa in this study is 
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difficult to understand. That spermatozoa could be recovered from 
the oviducts within minutes of insemination but not from the uterine 
lumen until 1.5 h later can only indicate the occurrence of a phase 
of rapid sperm transport presumably due to the action of seminal 
prostaglandinS. Since fertilization cannot be expected to occur until 
several hours after insemination owing to the need for spermatozoa to 
capacitate (which probably takes about 5 h from studies using a well-
defined in vitro system, see Soupart, 1974) , the small number of 
spermatozoa found in the oviducts at times later than 2 h would not 
be expected. The absence of tubal spermatozoa from 48 h after 
insemination disagrees with the findings of Ahigren et al. (1974) who 
found spermatozoa in the oviducts 85 h after coitus. Spermatozoa were 
not observed in the oviducts at times later than this (66-113 h post 
coitum) and were also scarce in the uterus and cervical mucus. It 
was also concluded that the number of spermatozoa present in the 
ampulla of the human oviduct does not normally exceed 200 in normal 
women (although this figure is usually higher in sactosalpiliges; see 
Ahlgren, 1975). These results are comparable to those found in other 
species with vaginal insemination (see Blandau, 1969) and are 
supported by Croxatto et al. (1974) in normal women and Morgenstern 
et al. (1966) in their study of sperm transport in women with IUDs. 
Croxatto et al. (1974) also showed that the tubal isthmus may function 
as a sperm reservoir in the human as it does in some other species, 
and included evidence which indicates that copper-bearing IUDs 
markedly reduce sperm transport. 
As stated above, Ahlgren et al. (1974) revealed motile 
spermatozoa in the oviducts at times of up to 85 h post coituzn, but 
it is not known whether these spermatozoa were capable of fertilization. 
A 'survival time' of 60 h has been reported for human spermatozoa 
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(Home & Audet, 1958) and recently a fertilizing capacity' of 120 h 
has been claimed, although this latter figure is open to dispute 
(Ferin, Thomas & Johansson, 1973). From experience with AID, Farris 
(1950) concluded that the fertile life of human spermatozoa is 24 h, 
a figure which is similar to those quoted for many other mammalian 
species (see Blandau, 1969). Evidently the fertile life of human 
spermatozoa within the female tract is not known with certainty, and 
it can only be determined by testing spermatozoa recovered from the 
tubal ampulla in in vitro fertilization systems and perhaps followed 
by egg transfer (e.g. Edwards, Steptoe & Purdy, 1970) although such 
experimentation is unlikely to receive ethical approval. Furthermore, 
in view of the increasing use of frozen semen for AID, it is important 
to discover whether the fertilizing life of such spermatozoa is the 
same as for 'fresh' semen. 
The ability of the human cervix to 'filter out' morphologically 
abnormal spermatozoa was first described by Bergman (1955), a phenomenon 
he attributed to the impaired motility of such spermatozoa. At that 
time it was known that the prospects of conception varied with the 
morphology and motility of the spermatozoa in the ejaculate, and also 
that conditions existing in the cervix at the time of coitus could 
favour or inhibit the migration of spermatozoa into and through the 
cervical canal. In a review of work on the linear progression of 
human spermatozoa, Botella-Liusia (1956) described how the filtering 
effect of the cervix on sperm morphology could be reproduced by a 
glass capillary tube filled with cervical mucus or isotonic saline 
with glucose or fructose. He stated that: "The cervix does not 
select the spermatozoa, the spermatozoa select themselves as only 
those with a sufficiently intense rectilinear progression for passing 
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the cervical canal arc endowed with c strictly normal morphology and 
probably with good fertilizing qualities too.", (original author's 
italics). 
In the two decades since the publication of these papers 
much research effort has been expended on elucidating the role and 
mechanism of action of the cervix in sperm transport in vaginally 
inseminating mammals. This information is fully reviewed in two 
recently published books: Blandau & Moghissi's "The Biology of the 
Cervix" (1973), and the W.H.O. Colloquium "Cervical Mucus in Human 
Reproduction" (1973); and also in recent review articles by Davajan, 
Nakamura & Kharma (1970) and Davajan & Nakamura (1975). Six basic 
functions are now ascribed to the cervix and its mucous secretion 
(see Hafez, 1975): 	(1) restricting receptivity to sperm penetration 
and sperm migration to a time at or near ovulation; (2) acting as a 
sperm reservoir; (3) protecting spermatozoa from the hostile vaginal 
environment and from phagocytosis; (4) providing spermatozoan 
metabolic requirements; (5) filtering out defective and immotile 
spermatozoa; and (6) possibly initiating the capacitation of sperm-
atozoa. Since all these functions are closely related and depend 
primarily upon the structure of the cervix, especially the biophysical 
properties of its mucus, and the intrinsic abilities of the spermatozoa 
themselves (the relative importance of which are still subject to 
disagreement), it would perhaps be better to consider the cervix as 
having an inter-related complex of functions. 	A complete picture of 
the intricacies of cervical function would perhaps be achieved more 
readily by comparing the characteristics of spermatozoa from the 
uterine lumen with those from the semen rather than analysis of 
spermatozoa found in the cervix. This aspect of sperm transport is 
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of immediate clinical significance since there is an increasing body 
of evidence showing the findings of the established Sims-Huhner post- 
coital test to be extremely unreliable in the diagnosis of subfertility 
(e.g. Asch, 1976; review by Moghissi, 1976). 
Recent studies have also described the morphology of 
spermatozoa reaching the tubal ampulla (sampled from the ampulla, 
firnbria or pouch of Douglas) recovered using the laparoscope or by 
laparotomy (Ahigren et al., 1974; Asch, 1976). These spermatozoa 
are usually of normal morphology, in contrast to the ejaculate, and 
again it has been suggested that the 'filtering out' of abnormal 
forms is correlated with spermatozoa of good morphology having 
optimum motility. However, whether this selection occurred entirely 
at the level of the cervix, or whether the uterotubal junction and/or 
tubal isthmus were also involved is unknown. 
There is still no evidence to suggest that dead or immotile 
spermatozoa are capable of passing through the cervix (see Moghissi, 
1976) and motility has been considered the sole means whereby spermatozoa 
migrate through the cervix (Bickers, 1960). Previous descriptions of 
the selectivity of the sperm transport process have not been based on 
firm quantitative studies with precise analyses of sperm morphology. 
The present studies were therefore undertaken with the aim of ascer- 
taining the location and extent of the 'filtering out' of morphologically 
abnormal spermatozoa within the human female tract, the characteristics 
of spermatozoa which reach the ampulla (and of those which do not), and 
hence to determine the basis of the selection. Also the structure of a 
'normal' or 'typical' human spermatozoon could be more adequately based 
on those spermatozoa which reach the oviducts and are presumably 
capable of fertilizing eggs. 
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MATERIALS AND METHODS 
As originally planned, these studies were to utilise 
spermatozoa recovered from the female tract by two different 
approaches; 
Samples of the vaginal contents and cervical mucus 
taken at post-coital (Sims-Huhner) tests from both fertile and 
infertile couples at varying times up to 12 hours post coitum. The 
spermatozoa in these samples would be compared with those in the 
consort's ejaculates from some time before and after the investigational 
coitus. 
Samples of spermatozoa recovered from the cervix, uterus 
and oviducts at hysterectomy of patients inseminated at some time 
prior to surgery. Owing to organisational problems in the hospital 
the method of insemination would in this case have to be AIH, and 
therefore some of the semen used for the artificial insemination could 
be used for comparison with the spermatozoa recovered from the female 
tract. 
Unfortunately the initial problems involved in arranging 
effective clinical collaboration and subsequently in the recruitment 
of suitable patients, proved far greater than anticipated, so that at 
the present time only a few preliminary results are available. 
It was originally intended to combine method (1) with trans-
cervical samp1of uterine spermatozoa (using a modified Gravlee-jet 
technique) and so obtain a more complete picture of sperm distribution 
in each tract, but this has not yet been possible. 
Of 16 couples recruited at the Infertility Clinic, 7 were 
rejected whose infertility was judged to be attributable to seminal 
problems (i.e. oligcspermia or azoosperrnia) or who showed poor Sims- 
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Huhner tests. For the remaining 	couples permanent stained smear 
preparations (Papanicolaou, 1942) were made from vaginal and cervical 
post-coital samples taken at 1 - 6.5 h after the investigational 
coitus, and also from at least one (usually two) ejaculate samples 
from the consort. Counts of 500 spermatozoa per sample (i.e. ejaculate 
1, ejaculate 2 (where available) , vagina and cervix) were made under 
oil immersion at a magnification of xl000 by bright field light 
microscopy and sperm morphology was classified according to the 
categories listed in Table 18. 
To date only one tract has been obtained at hysterectomy, 
this being at 11 h after AIH. After liquefaction, an aliquot of the 
husband's semen was subjectively checked for motility and then 
processed for assessment of sperm morphology whilst the rest of the 
ejaculate was artificially inseminated through the external cervical 
os into the cervical canal. At surgery a stitch was put into each 
oviduct just above the uterotuhal junction to isolate the oviducts 
from the uterus as early in the operation as possible. The cervix was 
then dissected from the vagina and the rest of the tract excised 
intact and placed in warm saline. Shortly afterwards the oviducts 
were cut just above the stitches and flushed with 2 ml of phosphate-
buffered-saline containing a small amount of detergent (1 drop per 
2 ml of 1:5000 'Teepcl') at 37°C. The cervix uteri was separated 
from the corpus uteri at the level of the internal os and these two 
regions flushed with a further 2 ml each of the same medium. The 
flushings were fixed by the addition of an equal volume of 4% 
glutaraldehyde in 200 mM sodium cacodylate buffer and left at room 
temperature (ca. 22°C) for 1 h after which time the cellular components 
of each of the flushings were rinsed in 2 ml of fresh buffer and 2 ml 
of distilled water before final suspension in a small volume of 
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distilled water. The cells were recovered from suspension between each 
stage by centrifugation in siliconised tubes for 10 min at 500 
The second resuspension in distilled water was adjusted to give a 
cell suspension of suitable concentration so that after one drop of the 
suspension had been dried-down onto a copper electron microscope grid 
(with a formvar support film) the cells were not overcrowded. The 
semen sample was processed according to the above schedule except that 
it was fixed by the addition of a 5x volume of fixative to the 
liquefied semen. Surface replicas of these preparations were made by 
shadowing at 45° with platinum/carbon and backing at 90 ° with carbon 
under high vacuum. The formvar film was dissolved by dipping the grids 
in chloroform before the replicas could be cleaned by floating the 
grids on a solution of sodium hypochlorite for 2 h. After rinsing in 
distilled water, the grids were allowed to dry and then viewed in an 
AEI EM6B transmission electron microscope operating at an accelerating 
voltage of 60kv. The surface replicas of the flushings from the 
female tract were searched at a magnification of x3000 and the 
morphology of each spermatozoon found was checked at xlO,000. One 
hundred spermatozoa from the uterine and tubal levels of the tract 
were scored and their morphology classified according to the categories 
listed in Table 19. Most of the cells were erythrocytes with only a 
few spermatozoa scattered amongst them. The incidence of spermatozoa 
relative to red cells in the cervical flushings was so low that this 
sample was deemed unscorable. For the preparation of ejaculate sperm-
atozoa, a part of a replica was chosen at random and the morphology of 
the first 300 spermatozoa found was scored as for the spermatozoa 
recovered from the female tract. 
Table 18: categorization of the morphology of human spermatozoa as seen 
in Papanicolaou-stained preparations (see Plates 17-19). 
Group Zy2e Description 
A Normal Oval shaped heads with clearly defined acrosoine and 
pcst-acrosoiral sheath, single (straight or slightly 
wavy) symmetrically-inserted tail with no indication 
of abnormality of the zrtidpiece and no large cytoplasmic 
droplet. 
B Immature Otherwise normal spermatozoa which have large, green- 
Forms stained, cytoplasmic droplets attached to the tail. 
Also includes the 'round-headed' sperm abnormality. 
Sperinatids were not counted. 
C Malformed Spermatozoa which have large, small or tapering 
Heads heads but with a normal amount of acrosomal material. 
D Reduced/absent Spermatozoa with normal- or abnormal-shaped heads 
Acrosomee but which show vacuolation, reduction or absence of 
the acrosome. 
E Abnormal Spermatozoa of otherwise normal morphology which 
Midpieces have red-stained midpieces. 
F Tail Spermatozoa with normal head form but with coiled, 
Abnormalities knotted, hairpin or bent 	('broken') tails, or 
which have asymmetrically- or non-inserted tails. 
G Multiple Spermatozoa with partial or complete doubling of 
Tails the tail. 
H Multiple Spermatozoa with two or more (normal- or abnormal- 
Spermatozoa shaped) heads fused together, or two spermatozoa 





B: cytoplasmic droplet 
OPW 
A: normal 
	 B: cytoplasmic droplet 
A: normal 
	







C: tapering form 
	
C: tapering form 
AMW 
C: tapering form 	 C: tapering form 
PLATE 17: human sperm morphology, 
papanicotaou's staining. 	,1Ojm, 
D: vocuolcited ocrosome 	D: vacuototed acrosome 
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D: reduced ocrosome 
	




D: reduced acrosome 
IM 
0: no acrosome 
	
D: no cicrosome 
0: no ocrosome 	 D: no acrosome 
abnormal midpiece 	E: abnormal midpiece 
PLATE 18: human sperm morphology, 
papanico(aou's staining. 	10im1 
I 
F: non-inserted tail 	F: bent tail 
ft 	 I 
F: terminal loop in tail 	F: reflexed tail 
. 	 . 
Ii 
F: knotted tail 	 F: coiled tails 
6: double tail 	 G: fused double tail 
I 
H: double conjoin 	 H: triple conjoin 
H: double abnormal conjoin H: fused form 
PLATE 19: human sperm morphology, 
papcinicolaou's staining. 	•1Oim1 
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Table 19: 	Categorization of the morphology of human spermatozoa as seen 
in surface replica preparations (see Plates 20 4 21). 
Description 
Normal Oval shaped heads with visible acrosonial and post-acrosomal 
sheath regions, symmetrically located basal plate, single 
tail with no indication of abnormality, midpiece of usual 
length with no mitochondria missing, and no large cyto- 
plasmic droplet. 
Rough Otherwise normal spermatozoa which show some degree of 
'roughness' of their surface over the head (especially the 
acrosomal region). 
Disintegrated Spermatozoa which appear to be 'falling apart' - probably 
an extreme of the 'Rough' category. 
Malformed Spermatozoa which have large, small or tapering heads, or 
Head whose heads show evidence of being two (or more) fused 
together. 
Cytoplasmic Otherwise normal spermatozoa which have larger cytoplasmic 
Droplet droplets attached to the tail (usually in the neck or 
midpiece regions). 
Abnormal Otherwise normal spermatozoa which either have no xnidpiece 
Midpi.ces or whose midpieces have abnormally arranged or missing 
mitochondria. 
Tail Spermatozoa with normal head form but with knotted, hairpin, 
Abnormalities broken or non-inserted or otherwise abnormal tails (but see 
'Coiled Tails' below). 	Also spermatozoa with asymmetrical 
or non-existent basal plates. 
Coiled Spermatozoa with normal head form but with a single tail 
Tails coiled up inside a distended tail compartment plasmalenma. 
This category may be largely artefactual, see Discussion. 
Double Tails Spermatozoa with partial or complete doubling of the tail. 
























































The results of the sperm morphology counts on the vaginal 
and cervical post-coital samples and the consort's ejaculates for 
the series of 9 patients recruited at the Infertility Clinic are 
included in Appendix VI(A-C) and summarised in Table 20. 
From Table 20 it is clear that the incidence of all types of 
abnormal spermatozoa is reduced in the cervix compared to the ejaculate. 
The reduction in the incidence of morphologically abnormal spermatozoa 
in the vagina is considered to be due to their preferential phago-
cytosis during the period between coitus and sperm recovery, possibly 
due to their having a higher proportion dead (although this was not 
determined in the present study). Such an hypothesis is supported by 
the absence of a similar decrease in the incidence of spermatozoa with 
simply misshapen heads. Furthermore, a similar effect was found in 
the study of the distribution of diploid rabbit spermatozoa in the 
female tract 6 h after either natural mating or artificial insemination 
(see Chapter 2, Tables 3 and 6). 
Table 21 shows the increase in the incidence of spermatozoa of 
normal morphology between the cervix and the ejaculate for the 9 
couples, demonstrating a mean increase of 17% in the incidence of normal 
forms between these two sites (this constituting a relative improvement 
of 27% over the ejaculate). The improvement in the proportion of 
spermatozoa of normal morphology appears to be greater the longer the 
interval post coitum, but when this was tested the correlation 
coefficient was not significant (0.1 > P > 0.05, r = 0.6242, n = 9). 
The incidence of the various categories of abnormal sperm 
morphology in the semen used for AIH and in the spermatozoa flushed 
from the female tract after excision at hysterectomy 11 h later is 
given in Table 22. Obviously these results can only be accorded 
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Table 20: 	Incidence of the various categories of abnormal sperm 
morphology assessed by light microscopy of stained smears in the 
ejaculates and vaginal and cervical post-coital samples of 9 couples 
recruited at an Infertility Clinic. 
Sperm Morphology 
	Average incidence of Morphology Type 
Category 	 per 500 spermatozoa (± S.E.) 














308.20 (+ 13.42) 
28.80 (• 4.95) 
50.80 (+ 6.55) 
51.60 	7.05) 
377.00 (+ 11.50) 
11.33 (.±. 3.32) 
52.78 (-+- 10.50) 
41.11 (±. 4.71) 
395.56 (+ 8.81) 
9.56 (+ 2.74) 
42.00 (+ 6.99) 
29.22 (+ 4.26) 
	
37.80 (± 11.94) 	9.11 (± 5.80) 	15.56 (+ 7.01) 
18.40 (-F 3.78) 	6.00 (+ 1.03) 	6.11 (-F 1.64) 
1.53 (± 0.44) 	1.00 (-+- 0.41) 	1.11 (±0.45) 
2.87 (+ 0.57) 	1.33 (+ 0.52) 	0.78 (+0.46) 
% Normal Forms 	61.64 (± 2.68) 	75.40 (± 2.30) 	79.11 (± 1.76) 
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Table 21: 	Change in proporticii of 5permatozoa of normal morphology 
between the ejaculate and the cervix in 9 couples recruited at an 
Infertility Clinic. 
Couple (h 	.c.) % normal sperm morphology 
Ejaculate Difference Cervix 
1 (2.25) 60.8 + 16.0 76.8 
2 (6.5) 49.2 + 25.0 74.2 
3 (5.5) 52.8 + 	37.6 90.4 
4 (4.5) 49.4 + 	31.8 81.2 
5 (3.5) 66.8 + 	15.6 82.4 
6 (5.0) 62.8 -- 	12.0 74.8 
7 (2.5) 82.6 - 	3.0 79.6 
8 (2.5) 69.2 + 	4.2 73.4 
9 (1.0) 65.4 -- 	13.8 79.2 
Mean 62.11 + 	17.00 79.11 
(+ S.E.) (± 	3.57) (-F 	4.26) (-4- 	1.76) 
143 
Table 22: 	Incidence of the various categories of abnormal sperm 
morphology assessed by electron microscopy of surface replicas in the 
semen used for AIH and in the spermatozoa recovered from the uterus 
and oviducts 11 h later after hysterectomy. 
Sperm Morphology Semen Uterus Oviducts 
Type (in 300) (%) (%) (%) 
Normal (111) 37.0 51 60 
Rough (28) 9.33 20 13 
Disintegrated 4 
Malformed Head (47) 15.67 7 2 
Cytoplasmic Droplet  6. 33 4 8 
Abnormal Midpiece  6.67 2 
Tail Abnormalities (25) 8.33 3 
Coiled Tails (48) 16.0 8 17 
Double Tails (2) 0.67 
Conjoins 1 
Total 	 (300) 	100.0 	100 	 100 
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limited significance, but it is intended to expand this study in the 
future, especially in light of the obvious increase in the incidence 
of spermatozoa of normal morphology among the populations of spermatozoa 
recovered from the uterine cavity and oviducts. Since 'rough' 
spermatozoa probably represent those spermatozoa which have died during 
the period between insemination and sperm recovery (11 h) , 73% of the 
tubal spermatozoa (and 71% of those from the uterus) are therefore of 
normal morphology. Drevius (1975) has shown that when bull spermatozoa 
are subjected to hypotonic media their axial filament complexes coil 
up inside a distended tail compartment (i.e. prior to spermolysis 
under acute hypotonic conditions). This suggests that the 'coiled 
tail' category may consist of normal spermatozoa showing artefacts 
which arose either during their flushing from the female tract or their 
subsequent fixation. If this is the case then the percentage of 
spermatozoa in the oviducts with normal morphology rises to 90% 
(and up to 79% in the uterus). The incidence of immature spermatozoa 
with cytoplasmic droplets is no different in the oviducts to that in 
the semen, suggesting that the abnormality of these spermatozoa is 
probably not severe and does not impair their migration to the oviducts 
(see Discussion). However, this does not necessarily mean that they 
would be able to fertilize since other aspects of their epididymal 
maturation may also be incomplete (see Bedford, 1975). 
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DISCUSSION 
The distribution of the percentage normal spermatozoa in the 
ejaculates (see Appendix VI A) was clearly different to that among a 
series of 100 fertile men described by Sobrero & Rehan (1975). This 
appreciably inferior sperm morphology may be related to the present 
series of men having been recruited at an Infertility Clinic (although 
it is not known whether the male was the cause of the infertility, or 
even if the infertility was 'real'). However, the estimation of sperm 
morphology is a highly subjective assessment, and this alone could 
account for the observed difference between the two series. It was 
also noted in the present series that the proportions of the various 
categories of abnormal sperm morphology were subject to intraindividual 
variation, contrary to the report of MacLeod (1964). The true extent 
of this apparent variability can only be determined in much larger 
series of ejaculates from each male and studies of a larger number of 
males, but this factor would not be expected to seriously affect the 
interpretation of the present results when mean values for the series 
of patients are used. 
The general improvement in sperm morphology in post-coital 
samples of cervical mucus has been referred to by several authors and 
is often attributed to morphologically abnormal spermatozoa having 
impaired motility (e.g. Bergman, 1955; Botella-Llusia, 1956; Hartman, 
1957; Romberg, 1957; Baker et al., 1957; Bishop, 1961; Davajan, 
Nakamura & Kharma, 1970; MacLeod, 1971; Davajan & Nakamura, 1975). 
Previous studies have not specified whether all types of abnormal 
spematoza are 'filtered out' or if some morphological types are able 
to penetrate the cervical mucus. Also the efficiency of this 'filtering 
out' between individual women is not known. The couples investigated 
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in the present study were recruited at an Infertility Clinic and so 
any observed differences cannot be accorded strict biological signif-
icance since probably the greatest cause of variation is the differing 
pathological states of the couples' reproductive functions. However, 
there is no significant difference between the group of couples which 
have since conceived without treatment (nos 4, 7, 8, 9) and the group 
who are undergoing treatment or whose infertility remains unexplained 
in the observed increase in the incidence of spermatozoa of normal 
morphology in the cervical mucus over the semen. No further quant-
itative analysis is possible due to the small number of patients in 
the study (and also the short follow-up period to date); therefore 
only a few generalised qualitative conclusions may be drawn. 
The present results indicate that the 'filtering effect' of 
the cervix is rather variable between couples (Table 21), but the 
incidence of all types of abnormal spermatozoa (with the possible 
exception of those with simply misshapen heads) is decreased between 
the semen and the cervical mucus (Table 20). In general terms it seems 
as though the reduction in this incidence may be related to the degree 
to which the morphological abnormality could be expected to impair 
motility. However, this intuitive conclusion clearly cannot be 
tested mathematically using the presently available data. 
The results of the study of the morphology of spermatozoa 
recovered from the uterus and oviducts at hysterectomy and their 
comparison with the semen used for AIH cannot be compared directly 
with the study of post-coital samples since the study was on a single 
(known fertile) patient using different methods of insemination, sperm 
recovery and morphology assessment. However the results do show a 
similar trend in the general reduction in spermatozoa of abnormal 
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morphology in the higher regions of the female tract (Table 22), 
although there are disparities concerning immature spermatozoa 
with cytoplasmic droplets and spermatozoa with malformed heads which 
cannot at present be explained. The results of this study are also 
in accordance with the uterotubal junction being a site of further 
'selection' for spermatozoa of good morphology. A comparison of sperm 
morphology between the oviducts and the semen is in complete agreement 
with the previously discussed findings of Ahigren et al. (1974). 
General conclusions from these preliminary studies of the 
selectivity of human sperm transport are that: (a) such a phenomenon 
is real; (b) that it occurs both at the level of the cervical mucus 
and at the uterotubal junction; and (c) that it is not directed 
against spermatozoa of poor morphology but rather favours those of 
good motility. The process is considered as being essentially a 
passive one on the part of the female tract, the spermatozoa selecting 
themselves. 
Future studies on human material 
It is proposed over the next three years or so to develop 
the use of the laparoscope for the recovery of spermatozoa from the 
tubal fimbria or pouch of Douglas as a routine procedure for the 
assessment of sperm transport. This would be carried out in conjunction 
with the routine laparoscopic assessment of the female tract in sub-
fertile couples (see Templeton & Kerr, in press) . By comparison of 
these spermatozoa which have succeeded in reaching the site of fert-
ilization with those in the semen, in post-coital samples of cervical 
mucus and from the uterus by transcervical flushing, a more complete 
analysis of the factors involved in the sperm transport process in the 
human female tract could be achieved. This could lead not only to the 
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development and usage of more reliable clinical tests in the diagnosis 
of causes of subfertility but also to the determination of fruitful 
lines of research in contraception, especially in the male. The 
project will also include a re-evaluation of the currently-used 
criteria for seminal analyses (and the repeatability of these 
assessments) in comparison with the 'analysis' of semen by the 
success of the spermatozoa in reaching the site of fertilization. 
The material available from these studies will also permit 
the determination of the exact involvement of diploid spermatozoa in 
the origins of human triploidy. Furthermore, the determination of the 
proportion of spermatozoa bearing F-bodies at the site of fertilization 
will also be undertaken as another approach to the evaluation of this 
technique for identifying male-determining spermatozoa when compared 
to the observed sex ratio. Light may also be thrown on the possible 
role of 24YY spermatozoa in the genesis of XYY men. 
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CHAPTER 5 
STUDIES ON THE POSTACROSOMAL REGION OF RABBIT AND HUMAN 
SPERMATOZOA USING CHEMICAL DiSSECTION TECHNIQUES 
INTRODUCTION 
Few of the formed structures of mammalian spermatozoa have 
remained as obscure as the postacrosomal sheath (sometimes still 
referred to as the postnuclear cap) with respect not only to the 
determination of its chemical nature and structure, but also to the 
elucidation of its function. 
This region of the spermatozoon was first studied intensively 
by Gatenby and his co-workers in the 1920s and 1930s (e.g. Gatenby & 
Wigoder, 1929). Early observations were to a great extent dependent 
on silver impregnation methods which revealed a uniform material 
covering the posterior portion of the nucleus (e.g. Hancock & Trevan, 
1957). In the last 20 years a number of workers in the ultrastructural 
field have commented on the presence of dense, membrane-associated 
material in the region of the sperm head posterior to the acrosome 
(the 'dense lamina'). That this simply represents a non-specific 
condensation product of residual spermatid cytoplasm compressed into 
a postacrosomal location would seem unlikely in view of the high 
degree of structural complexity now known to be present within the 
postacrosomal sheath of many species (see below). 
Recently interest in the investigation of the characteristics 
of the components of the postacrosomal sheath has been stimulated by 
the discovery that this region of the sperm head is involved in the 
initial interaction between spermatozoon and egg during fertilization 
(e.g. Austin, 1968; Barros & Franklin, 1968; Bedford, 1970, 1972b; 
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Yanagimachi & Noda, 1969, 1970a,b). The postacrosomal sheath has even 
been suggested to form a septate desruosome at the site of gamete union 
(see Zamborii, Zemjanis & Stefanini, 1971) but there is insufficient 
evidence to support such a proposal. Another suggestion has been that 
in such species as the rabbit the precise patterning of the post-
acrosomal sheath at its junction with the acrosome may function as a 
site of recognition or attachment during fertilization (see Koehler, 
1970a). Finally, results of in vitro experiments have indicated that 
physiological changes in the postacrosomal sheath may be necessary 
preliminaries, as part of the capacitation process, to membrane fusion 
between spermatozoa and eggs (Yanagimachi & Noda, 1970b). 
However, it would also seem quite reasonable to support the 
proposal of Fawcett & Ito (1965) that the postacrosomal sheath helps 
to maintain the structural integrity of the sperm head at its junction 
with the neck, especially since mammalian spermatozoa do not have a 
well-developed 'implantation fossa' and so may require the extra 
support provided by the postacrosomal sheath (see Koehler, 1972a). 
The dense lamina has been shown to be a discrete, stable structure which 
is left intact and in situ in cases where the plasmalemma over the 
postacrosomal region breaks down (Gordon, 1972; Koehler, 1972a, 1973). 
Although this has shown the dense lamina not to be a local special-
ization of the cell membrane as was originally thought (Fawcett & Ito, 
1965; Fawcett, 1970), it does indicate that it could have a structural 
function. 
The results obtained using chemical dissection methods for 
comparison of the structural labilities of haploid and diploid rabbit 
spermatozoa (see Chapter 3, section C) suggested that these techniques 
might be profitably employed in an attempt to determine whether the 
extent of development, degree of fine structure, and structural 
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stability of the postacrosomal sheath could be related to a possible 
role in the maintenance of the structural integrity of the sperm head. 
In this respect the large (8 x 4 x 1 jim) head of the rabbit spermatozoon 
possesses a large postacrosornal sheath displaying an extensive and 
precise substructure, whereas the human spermatozoon has a smaller 
head (approximately 4.5 x 2.5 x 1 jim) with a relatively unremarkable 
postacrosomal region. Therefore it was considered that a comparative 
study of the sperm heads of these two species using chemical dissection 
techniques, assessed in the light of our present knowledge of sperm-
atozoan functional anatomy in these and other species, could provide 
a valuable insight into the vexed question of the functional significance 
of the postacrosomal sheath. Such an investigation would also provide, 
as a 'by-product', some information on the relative labilities of the 
anterior cap zone and equatorial segment of the acrosome in these two 
species. 
152 
MATERIALS AND METHODS 
Rabbit semen was collected by artificial vagina and human 
semen obtained by masturbation. Aliquots of semen (human semen having 
first been allowed to liquefy at 37°C) were added to the various 
treatment media (see below for details of the media) and incubated at 
room temperature (ca. 22°C) for 15 min after which time the treatment 
was stopped by the addition of an equal volume of fixative (4% glutar-
aldehyde in 200 mM sodium cacodylate buffer). After fixation for 60 
min at room temperature the spermatozoa were rinsed twice in fresh 
200 mM cacodylate buffer and once in distilled water before being 
finally suspended in distilled water to a suitable concentration for 
drying down onto pieces of freshly split mica for the preparation of 
surface replicas as described in Chapter 3. Between each of these 
steps the spermatozoa were recovered from suspension by centrifugation 
at 500 g for 5 mm. Replicas were floated off the mica onto distilled 
water, cleaned on a solution of sodium hypochlorite overnight and 
sulphuric acid for a further day before being broken into pieces and 
picked up on 200 mesh copper EM grids without support films and viewed 
in an AEI EM6B TEM operating at an accelerating voltage of 60kv. 
Samples of the final sperm suspension were also spread on 
clean glass microscope slides, allowed to dry in air before staining 
by the method of Casarett (1953) for the rabbit spermatozoa or 
Papanicolaou (1942) for the human spermatozoa. Permanent preparations 
were made of the stained spermatozoa by mounting with DPX. Light 
micrographs were taken under a Leitz Ortholux microscope (bright field 
illumination) on Ilford Pan F 35 mm film exposed at a rating of 8 ASA 
in a Vickers J35 Automatic Camera attachment. 
The chemical dissection media used in this study were: 
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Group A: Control; artificial seminal plasma (ASP: O'Donnell, 1969) 
Group B: Distilled water 
Group C: Equal parts of 0.1 M sodium borate, 2% sodium dodecyl 
sulphate (SDS), and 0.3 M 2-mercaptoethanol in distilled 
water 
Group D: 4 M urea in distilled water 
Group E; 2% SOS in distilled water 
Group F; 4 M urea + 2% SOS in distilled water 
Group G: 0.1% Triton X-100 in ASP 
Group H: 0.01% Hyainine 2389 in ASP 
Group J: 0.1% Triton X-lOO + 0.01% Hyamine 2389 in ASP 
Group K: 0.5% MgC1 2 in ASP 
RESULTS 
The typical appearance of rdhbit and human spermatozoa from 
each treatment group is shown by light microscopy (Plate 22) and by 
transmission electron microscopy of surface replicas (Plates 23-32, 
in each of which the upper and lower micrographs are of human and 
rabbit spermatozoa respectively). The superiority of the surface 
replication method is obvious. 	In the analysis of the effects of 
the series of treatments on human spermatozoa only those with 'normal' 





















PLATE 22: chemical treated human (top) & 
rabbit (bottom) spermatozoa. 	•1Ojm1 
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Group A, (Plate 23): 	In the control group the normal surface land- 
marks of the sperm head are visible, but depressions in the anterior 
half of the dense lamina and the basal cords are somewhat obscured due 






• 	: 	. 
• 	
- 
• I -,- 	-:.--. . 	
_•)• 
•.; 	 • 	 • 
- 
- 	•,1 	 •• 




• 	:1. '.• 




• 	i• 	-"b'4 • 
I . 	•;r 	 • 
, 	 • 
I -• - - 1- r•2: 
S.. 	
. 
r) 	'•• 	 \. 	
. 	 r 
ab •:. ::: 
( 	• 	 I 
- 
PLATE 23 
Group A: 	Control (ASP) 
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Group B, (Plate 24): 	Treatment of spermatozoa with distilled water 
induces severe osmotic stress which results in the stripping of the 
plasmalemma revealing the outer acrosomal membrane and the outermost 
features of the postacrosomal sheath. There has been some slight 
swelling of the acrosome cap. In the rabbit spermatozoon the granular 
patterning of the outer acrosomal membrane can be seen. This patterning 
is more regular over the subacrosomal bulges and the equatorial 
segment, although there is a semicircular area of the equatorial segment 
just anterior to the postacrosomal sheath which shows a more coarse 
and irregular patterning. 	The ridge of the acrosome-postacrosomal 
sheath junction with its characteristic saw-tooth serrations is clearly 
visible. The teeth pointing towards the acrosoine can be seen to lie 
in the plane of the dense lamina, while the complementary teeth (i.e. 
those pointing towards the base of the head) are at a lower level 
(Koehler, 1970a). In the anterior half of the dense lamina behind 
this ridge are rows of depressions the size of which decrease 
posteriorly. The basal cords (strands of material orientated at 
various angles in a 'basket-weave' configuration) associated with the 
posterior ring are also visible. In the human spermatozoon the post-
acrosomal sheath has been revealed as a much less well developed 
structure. Its anterior half shows irregular bumps and depressions, 
whilst the posterior half is ornamented by the basal cords associated 










Group C, (Plate 25): 	This medium causes complete dissolution of all 
the structures of the sperm head leaving only chromatin which is itself 
decondensing. In both species the chromatin of the equatorial part 
of the nucleus is more decondensed than that associated with the 
implantation fossa'. 
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Group C: Equal parts of 01 M sodium borate, 
2% SOS, 03M 2-mercciptoethanol 
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Group D, (Plate 26): 	Spermatozoa treated with 4 M urea show complete 
loss of the plasmalemina. In the rabbit this is accompanied by the 
loss of the outer acrosornal membrane anterior to the subacrosoinal 
bulges as well as a large part of the acrosomal contents so that around 
the anterior margin of the head the perforatoriuni is visible beneath 
the inner acrosotnal membrane. Some of the matrix substance of the 
dense lamina posterior to the ridge of the junction of the acrosome 
with the postacrosomal sheath has also been lost. However, in the 
human spermatozoon, the acrosome, although showing some swelling, still 
appears intact. These spermatozoa also show a loss of the basal cords 
so that the entire surface of the postacrosomal sheath displays irregular 
bumps and depressions. 
PLATE 26 
Group 0: 4 M urea 
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Group E, (Plate 27): 	Treatment with 2% SDS very rapidly cleaves the 
tails from the heads of a large proportion of both rabbit and human 
spermatozoa, as well as removing the whole of the outer acrosomal 
membrane and most of the acrosomal contents (revealing the shape of 
the perforatorium beneath the inner acrosomal membrane around the 
anterior margin of the rabbit sperm head). The spermatozoa shown in 
Plate 27 were chosen on a variety of criteria and it is coincidence 
that they both still have tails attached. However, the general 
appearance of the head structure of these spermatozoa is typical of 
the majority of the spermatozoa in this treatment group (with or without 
tails). In the rabbit, some of the matrix material has been removed 
from the dense lamina, but where the lamina is still intact, evidence 
of parallel striations can be seen. The basal cords and posterior 
ring are less distinct than in Group B, a feature which may well be 
related to the disruptive effect of SDS on the head-neck junction. In 
the human spermatozoon, the postacrosomal sheath shows no change from 
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Group E: 2% sos 
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Group F, (Plate 28): 	There was no synergism evident when 4 M urea 
and 2% SDS were used in combination. Damage to any region of the 
sperm head was in accordance with that seen when the more 'effective' 
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PLATE 28 
Group F: 4 M urea + 2% SDS 
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Group G, (Plate 29): 	Treatment with the non-ionic detergent Triton 
X-lOO under the conditions of time and temperature used in the present 
study causes the complete loss of the plasmalemma as well as the outer 
acrosomal membrane anterior to the subacrosomal bulges and the con-
sequent loss of acrosomal contents from this region of the acrosome. 
The outer acrosomal membrane over the equatorial segment remains, and 
can be seen to include a semicircular area with a rather more coarse 
nature just anterior to the postacrosomal sheath. There has also been 
some dissolution of the basal cords along with some of the matrix 
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PLATE 29 
Group G: 01% Triton X-100 in ASP 
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Group H, (Plate 30) : 	The detergent Hyainine 2389 causes the 
dissolution of the plasmalemma to reveal the outer acrosomal membrane. 
In the rabbit spermatozoon this membrane shows a granular patterning 
which can be seen to be highly regular (hexagonally packed particles 
with a centre-to-centre spacing of about 17 nm) in the region over 
the subacrosornal bulges and the equatorial segment, with the exception 
of a semicircular area just anterior to the postacrosornal sheath where 
it has a much coarser, irregular patterning. The surface of the 
posterior half of the postacrosomal sheath is characterized by parallel 
striations extending between the rows of depressions in the anterior 
half of the dense lamina and the basal cords associated with the 
posterior ring. In the human spermatozoon the granular patterning of 
the outer acrosomal membrane is also revealed, again with the same 
regionalization although there is not the same regularity in the 
region over the equatorial segment. The two zones of the postacrosomal 
sheath are also visible, but the basal cords are rather indistinct. 
17 C) 
i im 1 
PLATE 30 
Group H: 001% Hyamine 2389 in ASP 
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Group 3, (Plate 31): 	The use of Triton and flyamine combined causes 
the total removal of the plasmalemina and of the outer acrosomal 
membrane over the anterior cap zone. In the rabbit, most of the 
acrosomal contents of this zone have been lost, revealing the outline 
of the perforatorium beneath the inner acrosomal membrane. The outer 
acrosonial membrane over the subacrosomal bulges and the equatorial 
segment (again with the exception of the semicircular region just 
anterior to the postacrosomal sheath) is again characterized by the 
hexagonally packed fine particles. In the postacrosomal region, some 
of the substance of the dense lamina has been removed to reveal the 
existence of fine parallel striations within its matrix. The basal 
cords appear unaffected by this treatment. The acrosomal contents of 
the human spermatozoon appear more amorphous than those of the rabbit, 
and the postacrosomal sheath seems to be still overlain by remnants 
of the plasmalemma obscuring the basal cords and posterior ring. 
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roup J: 01% Triton X-100 + 001% 
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Group K, (Plate 32): 	Treatment with 0.5% MgC1 2  in Hank's BSS causes 
the loss of the plasmalemma (see Phillips, 1975a; also Chapter 3, 
Section 2C). A similar effect, although accompanied by release of 
acrosomal contents has been reported for its use in tris-maleate 
buffer in conjunction with homogenization (Srivastava, 1973). However, 
as can be clearly seen in the micrographs of Plate 32, the use of 0.5% 
MgC1 2  in artificial seminal plasma has no effect on the plasmalemina, 






. .;:.•.• 	:• 
c 	 I 
49 
1 j 1 
PLATE 32 
Group K: 05% MgCL2 in ASP 
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DISCUSSION 
The results using chemical dissection techniques emphasize 
that the postacrosomal sheath is a very stable region of the rabbit 
and human sperm head. This finding provides further support for its 
being primarily concerned with the maintenance of the structural 
integrity of the sperm head. Its possible functions include anchoring 
the cap-like acrosome to the base of the head and reinforcing the 
attachment of the basal plate to the head (i.e. strengthening the 
head-neck junction). Support for such a role is considered to lie in 
the greater extent of its development in spermatozoa with larger 
heads, and based upon this, the following reconstruction of its 
functional anatomy in the rabbit and human spermatozoon is proposed. 
At its anterior margin where it attaches to the equatorial 
segment of the acrosome, the dense lamina of the rabbit spermatozoon 
is structured as regular serrations which could serve to maximize 
contact with the acrosome. Similar serrations have been reported in 
rain spermatozoa (Randall & Friedlander, 1950; Bustos-Obregon & 
Flchon, 1975), whilst in human (Koehler, 1972a) and bull (Koehler, 
1966) spermatozoa this junction appears as a less regular and 
unornamented, but nevertheless quite obvious, ridge. It is of interest 
that the rain and rabbit which show regular serrations of the acrosome-
postacrosornal sheath junction have a far greater density of spermatozoa 
in their semen than the bull and boar (see Blandau, 1973) which show 
relatively little specialization of this junctional region. Any 
functional significance of this observation remains to be determined. 
The surface of the rabbit sperm head over the anterior 
half of the postacrosomal region displays rows of depressions, the 
size of which decrease posteriorly, as previously described by 
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F1chon & Bustos-Obregon (1974). These depressions represent 
perforations in the underlying dense lamina (Koehler, 1970a; see 
also Plate 5A). In the bull these perforations are far more 
numerous (Koehler, 1966); so much so that they had led to the post-
acrosomal sheath being described as porous (Rahiman, 1961). The more 
apical half of the human postacrosomal sheath displays a random 
collection of bumps and depressions as described by Koehler (1972a), 
which reflect the topography of the underlying dense lamina. 
In rabbit spermatozoa the dense lamina appears to be 
composed of a matrix incorporating fine strands of material orientated 
along the axis of the head and visible as parallel striations. These 
fine striations have been reported not only in the rabbit (Phillips, 
1972, 1977; F1chon & Bustos-Obregon, 1974) but also in the bull 
(Koehler, 1966; Plattner, 1971; Phillips, 1977), water buffalo 
(Koehler, 1973) , mouse (Stackpole & Devorkin, 1974; Phillips, 1975a), 
hamster (Phillips, 1977) , rhesus monkey (Phillips, 1977) and stump-
tailed macaque (Pedersen, 1972a). However, in the human spermatozoon 
no such striations were observed although Pedersen (1972a,b) did find 
similar structures in the anterior half of the human postacrosornal 
sheath in thin section, but orientated circumferentially rather than 
longitudinally. Fron freeze-etching studies of ball spermatozoa 
these fibrils have been suggested to be composed of globular subunits 
of about 8 run diameter in regular, probably helical, arrangement so 
fulfilling the morphological criteria of inicrotubules in such prep-
arations (see Plattner, 1971). 
Although these fine parallel striations may well represent 
micotubu1es, and their spacing (about 15 nm) is reminiscent of that 
of the manchette, observations on this structure during spermiogenesis 
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(see Fawcett, Anderson & Phillips, 1971) would seem to indicate 
that the two could not be homologous, as has been suggested (Blom & 
Birch-Andersen, 1965). 
At the caudal end of the sperm head just anterior to the 
posterior ring, the dense lamina is more closely attached to the 
plasmalemma by the basal cords. These structures are composed of 
globular subunits apparently embedded internally in the matrix of the 
lamina and externally in the inner aspect of the plasmalemina as 
proposed by Koehler (1973). 
A layer of amorphous perinuclear substance' usually under-
lies the dense lamina and so separates it from the nuclear envelope 
(see Courtens, Courot & Fléchon, 1976). The perinuclear substance 
does not completely fill the space between the nucleus and the dense 
lamina, but appears to be loosely connected to the latter (see Plate 
6B). These workers also observed that the posterior part of the 
perinuclear substance was more dense and closely applied to a 
thickened nuclear envelope. This composite structure, which they 
termed the 'postnuclear band', had been demonstrated previously as a 
region with an affinity for malachite green and pyronine (Teichman, 
Fujimoto & Yanagimachi, 1972). The posterior end of this part of the 
perinuclear substance and the dense lamina are pinched together under 
the posterior ring which encircles the head at the basal margin of 
the postacrosomal sheath. 
The posterior ring was first described by Gresson & Zlotnik 
(1945) and is a consistent landmark in mammalian spermatozoa. It is 
a ring of dense material which in freeze-etched preparations (and in 
fortuitously orientated thin sections, e.g. Plate 5A) can be seen to 
possess a remarkably constant, precise structure of fine (about 10 rim) 
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transverse striations both in the rabbit (see Plate 7A, also Koehler, 
1970a,b; Flchon, 1974a) and in man (Koehler, 1972a Pedersen, 1972a) 
as well as the bull (Koehler, 1966), water buffalo (Koehler, 1973), 
stump-tailed macaque (Pedersen, 1972a), pigtail monkey (Koehler, 1970c), 
rat (Koehler, 1970c; Friend & Fawcett, 1974), mouse 6tackpole & 
Devorkin, 1974) and guinea-pig (Friend & Fawcett, 1974). The posterior 
ring appears as a tight junction between the plasmalemxna, the two 
components of the postacrosomal sheath and the nuclear envelope, 
thereby creating a mechanical block to cytoplasmic continuity between 
the head and tail compartments of the sperm cell. This division may 
be useful in restricting metabolites employed in motility to the 
region in which they are utilised. Alternatively it may serve a 
supporting role, along with the basal plate (and possibly the basal 
cords which are associated with it) in maintaining the structural 
integrity of the head-neck junction (Koehler, 1970b). 
The overall stability of the postacrosomal sheath is similar 
in rabbit and human spermatozoa although it is structurally far less 
complex in the latter. But why the parallel striations are orientated 
circumferentially in the human rather than longitudinally as in the 
rabbit and apparently most other species, defies explanation at the 
present time. It is problematical both in terms of why there is a 
difference, and also since if the striations do function as reinforce-
ments or even as simple links between the dense lamina and the 
plasmalemma, then they would be more efficiently arranged longitudinally. 
However, it could be that the highly developed basal cords alone 
constitute sufficient reinforcement of the junction between the post-
acrosomal region and the basal surface in the human spermatozoon. 
An observation which causes greater difficulty in assigning 
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the postacrosomal sheath a structural role in the human spermatozoon 
is the rather anterior location of the posterior ring. This results 
in there being an appreciable portion of the head between the posterior 
ring and the basal plate (i.e. the 'basal surface') which lacks 
reinforcement. 
The anterior cap zone of the human acrosome, like that of 
the rabbit, has been shown to be more labile than the equatorial 
segment, a finding which has been considered as being in accordance 
with the known sequence of events of the mammalian acrosome reaction 
(see Chapter 3). In the rabbit the outer acrosomal membrane over the 
equatorial segment and subacrosomal bulges is characterized by the 
presence of hexagonally packed fine particles with centre-to-centre 
spacing of about 17 nm except for a semicircular region with a rather 
more coarse, less regular nature just anterior to the postacrosomal 
sheath. These very recent findings (Phillips, 1977) indicate that 
the part of the acrosome overlying the subacrosomal bulges is a 
definite part of the equatorial segment, to which it has been shown 
to possess exactly the same labilities in the present studies. The 
human outer acrosomal membrane does not seem to possess the same 
degree of precision in its granularity between the two regions of the 
acrosome. 
Although these studies are not conclusive, they have 
emphasized the stability and precise fine structure of this region of 
the mammalian sperm head; findings which must be significant in the 
eventual elucidation of its functional significance. The studies have 
also re-affirmed the potentials of chemical dissection techniques, 
in conjunction with transmission electron microscopy, in our efforts 
to achieve complete understanding of the functional anatomy of the 
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mammalian spermatozoon. Further proof of this can be seen in the 
increasing number of recent ultrastructural investigations which 
have included the use of such techniques (e.g. Koehler, 1973; 
Wooding, 1973, 1975; Phillips, 1975a, 177). 
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GENERAL CONCLUSIONS 
Diploid spermatozoa present in rabbit semen constitute a 
discrete population which can be identified with a high degree of 
confidence on the basis of larger head size. They are not all dead 
at the time of ejaculation and appear to survive in vitro as well as 
haploids for at least seven hours. In terms of head morphology, 
diploid rabbit spermatozoa possess all the structures characteristic 
of haploids with the same labilities. There would therefore seem to 
be no bar, on grounds of functional anatomy, to diploid rabbit sperm-
atozoa being capable of fertilizing eggs. However, the presence of 
partial or complete doubling of the tail in about one third of diploid 
spermatozoa is relevant to their success in reaching the site of 
fertilization (see below). 
Observations on the distribution of diploid spermatozoa in 
the rabbit female reproductive tract six hours after either natural 
mating or artificial insemination show the cervix to be a major 
barrier to the progression of such spermatozoa to the higher regions 
of the tract. The survival of diploid spermatozoa appears, contrary 
to the in vitro results, to be impaired within the female tract, a 
finding considered to be due to some as yet undetermined adverse 
effect of diploidy upon the sperm cell. There is a significantly 
higher incidence of diplôid spermatozoa in the cervix after artificial 
insemination than natural mating, but whether this is related to an 
increased production of triploid conceptuses following artificial 
insemination remains to be discovered. The very low rate of success 
in traversing, or even penetrating, the cervix shown by double-tailed 
spermatozoa indicates that the selectivity of the sperm transport 
process is most probably based upon differential sperm motility. 
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Such an hypothesis is supported by the total lack of success in 
penetrating the cervix shown by spermatozoa which had been killed by 
treatment with detergent prior to their insemination into the vagina, 
and also by in vitro experiments using systems in which the distribution 
of diploid and other abnormal spermatozoa is affected by their swimming 
abilities. There is no evidence for any active selection against 
diploid rabbit spermatozoa by the female tract. 
Although the actual involvement of diploid spermatozoa in 
the production of triploid zygotes in the rabbit has not been proven 
either way, it has been shown that those diploids whose only apparent 
fault is their larger size may be considered as being potentially 
capable of fertilizing. Therefore the possible incidence of these 
diandric triploids will be far less than the simple incidence of 
diploid spermatozoa in the semen. 
Studies of sperm transport in the human female reproductive 
tract have shown that the apparent selection for spermatozoa of normal 
morphology can be attributed to the same general principle derived 
from the studies in the rabbit; that those spermatozoa with abnormal-
ities which impair their motility will be excluded from the population 
which establishes the cervical sperm reservoir, whilst those with 
abnormalities which do not affect motility will have the same chance 
of reaching the site of fertilization as 'normal' spermatozoa. Again 
the spermatozoa select themselves, and the female tract plays an 
essentially passive role. 
Ultrastructural studies on the postacrosomal sheath of rabbit 
and human spermatozoa using chemical dissection techniques have con-
firmed the stability and complex fine structure of this region of the 
mammalian sperm head. Such findings must be relevant to the eventual 
elucidation of its functional significance, but at the present time 
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the extent of development, degree of fine structure, and structural 
stability of the postacrosoinal sheath can still only be considered 
as indicators of a possible role in the maintenance of the structural 
integrity of the sperm head. 
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APPENDIX I: Percentage of live haploid and diploid spermatozoa 
after incubation in three different media for periods of up to 7 h. 
TIME 	(h) 0.85% SALINE 
% LIVE 	% LIVE 
iN 2N 
0.93 BM MEDIUM 
% LIVE 	% LIVE 
iN 2N 
HANK'S BSS 
% LIVE 	% LIVE 
iN 2N 
0 86.0 63.5 84.5 59.5 85.5 67.0 
1 87.5 73.5 85.0 61.5 86.0 71.0 
2 84.5 70.5 86.0 64.0 81.0 56.0 
3 82.5 68.0 85.0 56.5 87.5 63.5 
4 83.0 69.0 85.0 63.5 82.5 60.5 
5 79.5 65.0 77.5 60.5 88.5 61.0 
6 79.0 58.5 85.0 61.5 85.5 64.0 













-2.04 	-0.85 1 	0.00 
(+0.81) 	(+0.45) 	(+0.40) 
I 72.1 
	





80.3 	60.9 	85.7 	60.3 
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APPENDIX II A: 	Incidence of diploid spermatozoa as a percentage of 
all spermatozoa in pre- and post-coital ejaculate samples and in 
samples recovered from the vaginal, cervical, uterine and tubal levels 
of the rabbit female tract 6 h post coitum in 9 experiments. 
n = 10,000 for each sample except for the oviducts where n is stated. 
Mean ejaculate values are calculated from the pre- and post-coital 






Ejac. Vag. Cvx Ut. Tub. 
1 1.60 1.92 1.76 1.01 0.34 0.68 1/343 
2 2.26 2.01 2.135 1.15 0.36 0.82 0/102 
3 2.01 1.93 1.97 0.97 0.49 1.03 0/1 
4 2.03 1.68 1.855 1.90 0.81 0.87 0/106 
5 1.99 1.95 1.97 1.30 0.45 0.70 0/189 
6 1.92 2.19 2.055 1.52 0.73 0.67 0/53 
7 2.09 2.10 2.095 1.20 1.43 0.95 0/158 
8 1.95 1.68 1.815 1.49 1.00 0.59 0/47 
9 1.98 2.25 2.115 0.72 1.27 1.27 5/1010 
Mean 1.981 1.968 1.974 1.251 0.764 0.842 0.299 
(-,-S.E.,) 0.058 0.066 0.046 0.119 0.133 0.072 0.120 
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APPENDIX II B: 	Incidence of diploid spermatozoa as a percentage 
of live spermatozoa only in pre- and post-coital ejaculate samples 
and samples recovered from the vaginal, cervical and uterine levels 
of the female tract 6 h post coitum in 9 experiments. Based on counts 
of 10,000 spermatozoa per site. Mean ejaculate is calculated from the 






Ejac. Vag. Cvx Ut. 
1 1.151 1.664 1.408 0.927 0.509 0.881 
2 1.837 1.662 1.730 0.675 0.329 0.791 
3 1.590 1.502 1.546 0.444 0.461 0.709 
4 1.639 0.969 1.304 1.637 0.452 * 
5 1.603 1.434 1.519 1.240 0.306 0.611 
6 1.085 1.490 1.288 1.446 0.743 0.580 
7 1.488 1.033 1.261 1.044 0.439 0.000 
8 1.255 1.401 1.328 1.260 0.586 * 
9 1.411 1.576 1.494 0.661 1.161 0.661 
Mean 	1.451 	1.396 	1.431 	1.037 	0.554 	0.605 
(± S. E. 	0.083 	0.080 	0.051 	0.132 	0.088 	0.108 
(* not determined due to low numbers of spermatozoa in nigrosin-eosin 
preparations) 
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APPENDIX II C: 	Incidence of double-tailed diploid spermatozoa as 
percentages of all spermatozoa in the rabbit female tract 6 h post 
coituin. (n = 10,000 for all samples except the oviducts for which 
n is given in Appendix II A. Mean ejaculate values are averages of 






Ejac. Wig. Cvx lit. Tub. 
1 0.570 0.560 0.565 0.180 0.030 0.000 0.000 
2 0.870 0.800 0.835 0.210 0.050 0.010 0.000 
3 0.680 0.560 0.620 0.100 0.030 0.020 0.000 
4 0.740 0.490 0.615 0.450 0.070 0.040 0.000 
5 0.580 0.570 0.575 0.310 0.130 0.000 0.000 
6 0.570 0.780 0.675 0.400 0.060 0.000 0.000 
7 0.700 0.720 0.710 0.170 0.120 0.000 0.000 
8 0.530 0.650 0.590 0.410 0.040 0.020 0.000 
9 0.700 0.780 0.740 0.110 0.060 0.000 0.000 
Mean 0.660 0.657 0.658 0.260 0.066 0.010 0.000 
(+S.E.) 0.036 0.039 0.030 0.01 0.012 0.005 0.000 
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APPENDIX II D: 	Distribution of double-tailed haploid spermatozoa 
(as percentages of all spermatozoa) in the female rabbit tract 6 h 
post coitum in 9 experiments. (n = 10,000 for all samples except the 
oviducts for which n is given in Appendix II A. Mean ejaculate 
results are averages of the pre- and post-coital ejaculates for each 
experiment). 
Expt 	 Pre- 	Post- 	Mean 
Ejac. Ejac. Ejac. 	Vag. 	Cvx 	Ut. 	Tub. 
1 0.270 0.230 0.250 0.040 0.030 0.040 0.000 
2 0.240 0.160 0.200 0.110 0.000 0.000 0.000 
3 0.270 0.210 0.240 0.020 0.000 0.000 0.000 
4 0.130 0.170 0.150 0.140 0.000 0.000 0.000 
5 0.090 0.120 0.105 0.070 0.040 0.010 0.000 
6 0.140 0.240 0.190 0.000 0.010 0.000 0.000 
7 0.220 0.190 0.205 0.040 0.040 0.000 0.000 
8 0.200 0.250 0.225 0.110 0.000 0.000 0.000 
9 0.210 0.120 0.165 0.010 0.000 0.000 0.000 
Mean 0.197 0.188 0.192 0.070 0.013 0.006 0.000 
(±S.E.) 0.021 0.016 0.015 0.015 0.006 0.004 0.000 
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APPENDIX III: 	Justification of the use of 'mean ejaculate' values. 
Since when using natural mating as the method of insemination 
the ejaculate deposited in the vagina cannot be sampled, the incidence 
of diploid spermatozoa in the semen can only be determined by inter-
polation between the values for the incidence in ejaculates collected 
by artificial vagina shortly before and after each mating. 	Such 
interpolation can only be justified if the pre- and post-coital 
ejaculates do not differ significantly in their diploid constitution. 
To determine the existence of any differences an analysis of variance 
was carried out on the transformed (see Rao, 1952, P. 209) numbers of 
diploid spermatozoa counted in equal samples of 10,000 spermatozoa 
scored from each ejaculate in each of the 9 experiments in the series 
(see Tables lila & b). 
The results of this analysis showed there to be no difference 
between the pre- and post-coital ejaculates in their diploid sperm-
atozoa content, and so the use of a 'mean ejaculate' value is valid. 
The incidence of diploid spermatozoa calculated from 'mean ejaculate' 
data is the same as that from 'all ejaculate' data, i.e. 1.974%; 
although the standard error is smaller by the latter method (-t- 0.033 
as against + 0.046). 
Similar analyses on the incidence of double-tailed haploid 
and diploid spermatozoa also showed no significant difference between 
the pre- and post-coital ejaculates. An analysis of the ratios of 
live:dead spermatozoa in the two series of ejaculates would be 
complicated by a possible variable bias due to the formation of small 
amounts of condensation inside the glass collection vials of the 
artificial vaginas. These variable amounts of condensed water would 
have caused variable amounts of osmotic shock to variable proportions 
of the spermatozoa in the ejaculates collected in the vials. However, 
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if one makes the assumption that diploid spermatozoa are no more 
susceptible to osmotic stress than haploids, then, in spite of a 
variable proportion of live spermatozoa in the ejaculates, the 
incidence of diploids amongst live spermatozoa only should remain 
constant although it cannot easily be tested statistically. 
Table lila: 	Incidence and transforrii incidence of diploius in 
counts of 10,000 spermatozoa from the pre- and post-coital ejaculdtes 
in each of the 9 experiments of the natural mating series. 
No. of diploids in counts of Transformed incidence* of 
EXPT 10,000 spermatozoa diploid spermatozoa 
PRE POST PRE POST 
1 160 192 12.664 13.870 
2 226 201 15.046 14.191 
3 201 193 14.191 13.096 
4 203 168 14.610 12.976 
5 199 195 14.120 13.978 
6 192 219 13.870 14.811 
7 209 210 14.470 14.504 
8 195 168 13.978 12.976 
9 198 225 14.085 15.012 
* Transformed incidence 	/+ 
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Table Ilib: 	Analysis of variation in the incidence of diploids 
between pre- and post-coital ejaculates in the experiments of the 








Timing 1 0.0364 a/c or a/d N.S. 
Experiments 8 0.4627 b/c or b/d N.S. 
Interaction 8 0.4771 c/d >0.05 
Theoretical 0.25 
error 
N. S. = Not significant 
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APPENDIX IV A: 	Distribution of diploid spermatozoa in the rabbit 
female tract 6 h after A.I. (as percentages of all spermatozoa, II = 
10,000 for each sample) in 4 experiments. 
Expt 	Insem. 	Vagina 	Cervix 	Uterus 	Oviducts 
1 1.56 1.06 1.06 1.03 0/234 
2 1.59 0.75 1.20 1.40 0/130 
3 1.65 0.66 0.79 0.54 1/96 
4 1.84 1.10 1.17 0.90 2/112 
Mean 1.660 0.8925 1.055 0.0675 3/572 	(= 0.5245%) 
(+ 	S.E.) 0.063 0.110 0.093 0.1775 0.302 
APPENDIX IV B: 	Distribution of live diploid spermatozoa in the 
rabbit female tract 6 h after A.I. in 4 experiments. 
Expt Insem. Vagina Cervix Uterus 
1 1.260 0.752 0.810 0.960 
2 1.391 0.596 1.033 0.762 
3 1.282 0.501 0.425 0.330 
4 1.418 1.100 0.757 0.758 
Mean 1.3378 0.7373 0.7503 0.7025 
(± 	S.E.) 0.0392 0.1315 0.1256 0.1328 
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APPENDIX IV C: 	Distribution of double-tailed diploid spermatozoa 
in the rabbit female tract 6 h after A.I. in 4 experiments (expressed 
as percentages of all spermatozoa, n = 10,000 per sampl€). 
Expt Insem. Vagina Cervix Uterus Oviducts 
1 0.550 0.200 0.100 0.000 0.000 
2 0.540 0.100 0.130 0.010 0.000 
3 0.590 0.050 0.110 0.000 0.000 
4 0.730 0.150 0.100 0.000 0.000 
Mean 0.6025 0.125 0.110 0.0025 	0.000 
(+S.E.) 0.0439 0.032 0.007 0.0025 
APPENDIX IV D: 	Distribution of double-tailed haploid spermatozoa 
in the rabbit female tract 6 h after A.I. in 4 experiments (expressed 
as percentages of all spermatozoa, n 	10,000 per sample). 
Expt 	 Insem. 	Vagina 	Cervix 	Uterus 	Oviducts 
1 0.190 0.040 0.040 0.000 0.000 
2 0.170 0.000 0.010 0.000 0.000 
3 0.190 0.010 0.010 0.000 0.000 
4 0.120 0.050 0.020 0.000 0.000 
Mean 0.1675 0.025 0.020 0.000 0.000 
(+S.E.) 0.0165 0.012 0.007 0.000 0.000 
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APPENDIX V: 	Data from 'sperm settling' experiments. Double-tailed 
haploid, 'conjoined' and 'fused' spermatozoa have been pooled as 
'other abnormal forms'. Duplicate slides, since they were shown to 
be in complete agreement, have been combined for clarity. 
Table Va: 	Experiment I 
sperm morphology ca tegory * (n2000) 
Level Tube 1N1'' (n--1O0) 
iN iT 
OTHERS 2rJIT 2N2T L D 
L D L D L 	D 
1 A 1900 10 34 7 24 9 	16 17 203 
B 1906 8 26 9 19 4 	28 181 219 
C 1903 5 27 10 30 4 	21 211 189 
2 A 1937 4 18 11 9 6 	15 250 150 
B 1942 5 8 16 7 9 	13 262 138 
C 1936 5 12 10 17 6 	14 274 126 
3 A 1956 7 3 12 4 10 	8 342 58 
B 1945 4 8 22 6 5 	10 339 61 
C 1957 2 10 14 7 4 	6 294 106 
4 A 1951 5 4 16 8 8 	8 359 41 
B 1970 6 1 15 3 2 	3 329 71 
C 1956 7 6 18 3 7 	3 362 38 
5 A 1954 7 2 27 7 2 	1 357 43 
B 1958 5 4 18 5 4 	6 334 66 
C 1954 5 7 16 9 5 	4 363 37 
* 1N1T = Single-tailed haploid 
2N1T = Single-tailed diploid 
2N2T = Double-tailed diploid 
OTHERS = Other abnormal forms 
L 	= Live (i.e. non-eosinophilic) 
D 	= Dead (i.. eosinophilic) 
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Table Vb: 	Experiment II. 
sperm morphology ca tegory * (n=2000) 
Level rube 
1141T (n=400) 
OTHERS 21JiF 2N2T L D 
1N1T 
1 A 1918 
6 
2i 9 17 5 	16 247 153 
B 1909 11 31 13 10 12 	14 254 146 
C 1906 12 15 13 13 9 	32 267 133 
2 A 1907 8 23 12 20 9 	21 243 157 
B 1922 7 22 19 10 5 	15 2€4 136 
C 1932 2 14 14 13 11 	14 278 122 
3 A 1941 6 9 22 7 9 	6 351 49 
B 1956 6 2 22 6 5 	3 372 28 
C 1941 2 4 26 4 16 	7 321 39 
4 A 1949 5 3 27 6 8 	2 373 27 
B 1948 6 3 21 6 8 	8 362 38 
C 1938 5 6 24 8 9 	10 350 50 
5 A 1951 -4 5 23 6 5 	6 366 34 
B 1964 8 4 17 2 3 	2 369 31 
C 1936 11 3 30 6 10 	4 371 29 
* As for Table Va. 
APPENDIX VI A: 	Incidence of the various categories of abnormal spermatozoa in the ejaculates of the male partners of 9 couples 
recruited at an Infertility Clinic. 
Sperm Morphology Ejaculate Reference Numb er* 
Mean (+S.E.) 
Category 1A lB 2A 2B 3 4A 48 5 6A 6B 7 8A SB 9A 9B 
Normal 322 295 229 274 264 202 296 334 303 335 413 346 352 324 334 308.20 (+ 13.42) 
Immature 69 47 22 20 57 21 34 4 43 31 11 10 16 39 8 28.80 (+ 4.95) 
Abnormal Heads 26 73 52 96 31 56 36 37 72 57 44 15 10 77 80 50.80 (+ 6.55) 
Reduced/absent 
59 49 28 24 89 59 32 108 65 14 29 53 83 22 60 51.60 (± Acrosomes - 
Abnormal Midpieces 1 13 132 46 38 139 84 0 8 53 0 15 3 25 10 37.80 (-4- 11.94) 
Tail Abnormalities 16 17 36 36 13 19 15 9 6 7 1 52 34 12 3 18.40 (+ 3.78) 
Multiple Tails 2 4 1 2 6 1 0 0 2 1 0 2 0 0 z 1.53 (+ 0.44) 
Multiple Sperm. 5 2 0 2 2 3 2 9 1 2 2 2 1 3 2.87 (+ 0.57) 
Total count 500 500 500 500 500 500 500 500 500 500 500 500 500 500 500 500 
% Normal Sperm. 64.4 59.0 45.8 54.8 52.9 40.4 59.2 66.8 60.6 67.0 92.6 69.2 70.4 84.8 68.3. E1.4 - 2.68) 
*E4 acu 1 at Reference Number :- Figure is patient couple number, letter is number of ejaculate from that couple. 
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APPENDIX VI B: 	Incidence of the various categories of abnormal spermatozoa in vaginal post-coital samples 
from 9 patients recruited at an Infertility Clinic. 
Sperm Morphology Patient number 
Category 1 2 3 4 5 6 7 8 9 Mean (+ S.E.) 
Normal 350 392 381 350 418 354 399 425 324 377.00 (± 11.50) 
Immature 22 7 2 19 0 15 27 0 10 11.33 (+ 3.32) 
Abnormal Heads 47 64 26 40 32 85 43 20 118 52.78 (+ 10.50) 
Reduced/absent 
69 27 35 56 36 39 23 42 43 41.11 (+ 4.71) 
Acrosomes - 
Abnormal Midpieces 1 0 51 23 € 0 0 1 0 9.11 ( 4- 5.80) 
Tail Abnormalities 6 10 4 8 1 7 5 10 3 6.00 (+ 1.03) 
Multiple Tails 4 0 1 1 1 0 3 1 1 1.00 (+ 0.41) 
Multiple Sperm. 1 0 0 3 6 C 0 1 1 1.23 (+ 0.52) 
Total count 500 500 500 500 500 503 500 500 500 500 
% Ncrnal Sperm. 	70.0 	8.4 	76.2 	70.0 	83.6 	70.8 64.6 	75.40 
APPENDIX VI C: 	Incidence of the various categories of abnormal spermatozoa in cervical post-coital samples 
from 9 patients recruited at an Infertility Clinic. 
Sperm Morphology 	 Patient number 
Category 	 i 	2 	3 	4 	5 	6 	7 	8 	9 	Mean (+ S.E.) 
Normal 384 371 452 406 412 374 39E 367 396 395.56 (+ 8.81) 
Immature 8 15 0 8 1 20 21 0 13 9.56 (± 2.74) 
Abnormal Heads 54 55 1 35 26 62 56 27 62 42.00 (+ 6.99) 
Reduced/absent 
46 32 6 30 43 28 16 39 21 29.22 (+ 4.26) Acrcsomes - 
Abnormal Midpieces C i 7 41 19 0 C 58 0 15.56 H 7.01) 
Tail Abnormalities 2 10 0 2 8 16 4 7 6 6.11 (+ 1.64) 
Multiple Tails 4 0 0 0 1 0 2 2 1 1.11 (+ 0.45) 
Multiple Sperm. 2 0 0 0 4 0 1 0 1 0.78 (+ 0.46) 
Total count 500 500 500 500 500 500 500 500 500 50C 
% Ncrmal Sperm. 76.3 74.2 90.4 81.2 82.4 74.3 7.E 7.4 79. 79.11 1+ 1.76. 
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Separatum EXPERIENTIA 32, 104 (1976) 
Birkhàiier Verlag, Basel (Schweiz) 
Nuclear Pores in the Spermatozoon of the Rat 
1). I(i)RI1MEl and 1'. E. lii(-) MI'SON 
Department of Zoology, University of Bristol, Woodland Road, Bristol BS8 117G (England), 11 June 1975. 
Summary. The paper describes a hexagonal array of nuclear pores in a non-redundant region of the nuclear envelope 
underlying the basal surface of the rat spermatozoon head. It is concluded that intranuclear material protruding 
through these pores is the cause of the characteristic rows of circular bumps' found in surface replicas of this region. 
\V0OLLEY 2 described a region of the postacrosomal 
surface of the rat spermatozoon whose appearance in 
surface replicas (as more or less regular rows of circular 
protruberances about 90 nm in diameter) distinguished 
it from the postnuclear sheath, from which it was sepa-
rated by the 'posterior ring'. In this region, which was  
termed the 'basal surface', there was no cytoplasmic 
element between the nuclear envelope and the plasma- 
Present address: Institute of Anhiiial Genetics, King's Buildings, 
West Mains Road, Edinburgh EH9 3JN, Scotland. 
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Fig. 1. A view of the head I I r,Lt ii 	 alcari .v bowing the posterior ring (I) and the no 1 .r envelope In' underlying the basal 
surface with its nuclear pores (i)  surrounded by the cytoplasmic droplet (c). The acrnsome-postriucicar sheath j unction 	is also visible, and 
the head has been fractured in an oblique transverse direction showing the arrangement of the acrosome (a) and perforatorium (p) around 
the condensed chromatin of the nucleus (n). 
Fig. 2. A higher magnification view of the posterior ring (P) in Figure 1 showing the fine patterning characteristic of this structure when 
cross-fractured. The plasmalemma has been split along its middle plane over the postnuclear sheath (ps), but completely removed caudal to 
the posterior ring. 
Fig. 3. A view of the posterior region of the sperm head showing the basal surface of the plasmalemma (b) and, beneath it, the nuclear en-
velope with its pores (,) in hexagonal array lying between the postnuclear sheath (ps) (delimited by the posterior ring (F)) and the basal 
plate or implantation fossa (it) where there are no nuclear pores. The nucleus has been cross-fractured to reveal condensed chromatin (n) 
within this region. 
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lemma 3. Evidence presented here, obtained by the freeze-
etching method of specimen preparation for transmission 
electron microscopy, clearly shows that the circular 
features represent nuclear pores. 
Spermatozoa were obtained from the uteri of oestrous 
females after normal mating and immediately suspended 
in a crvoprotective mixture of 25% glycerol in 0.9% 
saline without prior chemical fixation. That the sperm 
were still motile was checked by observing a sample of 
the suspension with phase contrast optical microscopy. 
The suspension was then centrifuged at 1,000 g for 5 mm, 
the sperm resuspended in fresh cryoprotectant and cen-
trifuged again. After removal of the supernatant, aliquots 
of the paste-like sperm concentrate were transferred to 
small gold discs which were then plunged into liquid 
Freon 22. Replicas were prepared according to the 
procedure outlined by THoMPsoN 4 using a Baizers 360M 
freeze-etching plant, and were viewed in an AEI EM6B 
transmission electron microscope. 
This technique revealed circular pores arranged in a 
regular hexagonal pattern (the usual consequence of the 
packing together of circles of equal size) in the envelope 
surrounding the condensed chromatin of the sperm 
nucleus (see Figure 1). The latter was easily recognised by 
its characteristic lamellar appearance, analogous to that 
seen in hull and rabbit spermatozoa 57. Such nuclear 
pores were confined to that region of the nuclear envelope 
which directly underlies the basal surface. This is shown 
in Figure 3, which also shows clearly the so-called 'im-
plantation fossa' or basal plate, this region of the nuclear 
envelope being devoid of such pores. Evidence that this is 
truly the basal surface and not a region of membranous 
scrolls is provided by Figure 2 which shows the fine 
patterning usually associated with the posterior ring of 
the spermatozoon in freeze-etch electronmicrographs ' 
Nuclear pores have been shown to be present in the 
region caudal to the posterior ring of spermatozoa of 
humans $ , rabbits 6 , rodents 10-12  and water buffalo 7 - 
but situated in what is usually described as redundant 
nuclear envelope'. This term is generally taken to apply 
to those parts of the nuclear membrane in excess of that 
required to enclose the sperm nucleus in its condensed 
form (e.g. as in the membranous scrolls of the neck region 
of the spermatozoon). However, in rodent spermatozoa at  
least, condensed chromatin is present within that part of 
the nucleus enclosed by the 'redundant nuclear envelope' 
(see Figure 3, also, for example, Figure 11 of STACKPOLE 
and DEVORX1N 11 ) and therefore the term 'redundant' 
would not seem applicable. 
Therefore it seems that pores appear in the nuclear 
envelope of the rat spermatozoon in a non-redundant 
region caudal to the posterior ring. From freeze-etching 
studies it has become clear that it is the protrusion of 
intranuclear material through such pores which causes 
the characteristic topography of the basal surface in 
surface replicas of air-dried smears of spermatozoa. The 
great advantage of the freeze-etching method of replica 
preparation is that the process is a physical one, eliminat-
ing the danger of chemical fixation artifacts; although a 
number of other workers do actually fix their material 
(e.g. in glutaraldehvde) before freezing. Also, the pro-
cedure does not involve a 'drying-down' step, and so 
removes the possibility of any shrinkage of the chromatin, 
resulting from such a process, being the direct cause of the 
origin of the circular features (as has been suggested 2). 
The function of these nuclear pores in the basal region 
of the spermatozoon head is at present open to specula-
tion, but it may well be the facilitation of the transport 
of informational and other molecules between the nucleo-
plasm and the cytoplasm of the sperm cell, not only 
during the various stages of spermiogenesis, but also in 
immature spermatozoa within the epididymis and also 
possibly in mature forms. It is of interest that the basal 
surface is the only part of the sperm head associated with 
the cytoplasmic droplet. 
3 L. l'IKI), in Fertilization (Eds. C. B. METZ and A. MONROY; 
Academic 1'res, New York 1969), vol. 2, chapt. 8, p.  325. 
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The survival and transport to the site of fertilization of 




Department of Genetics, University of Edinburgh, 
King's Buildings, West Mains Road, Edinburgh E119 3JN, U.K. 
Summary. The possible involvement of diploid spermatozoa in the production of 
triploid zygotes in the rabbit has been investigated in terms of the success of diploids 
relative to haploids in reaching the site of fertilization, with special reference to any 
possible selectivity of sperm transport within the female tract. The observed large 
significant reduction in the incidence of diploid spermatozoa between the ejaculate 
and the oviducts would greatly reduce the chances of, but not necessarily prevent, a 
diploid spermatozoon fertilizing an egg. This reduction appears to be due to a corubina-
tion of the reduced survival of diploids in the female tract and a selectivity of sperm 
transport dependent on sperm motility. 
Introduction 
From observations on the mean head area and DNA content of ejaculated rabbit spermatozoa 
(Beatty & Fechheimer, 1972; Carothers & Beatty, 1975) it has been shown that individual haploid 
and diploid spermatozoa can be recognized with a high degree of confidence by simple visual appraisal 
of head size. 
If a diploid spermatozoon were to fertilize a normal oocyte then the resulting triploid embryo 
would, presumably, be non-viable. However, such triploids as are found in the rabbit are most 
probably due to chromosome doubling in the oocyte rather than to fertilization by diploid sperma-
tozoa (Fechheimer & Beatty, 1974; Beatty, 1974). Therefore diploid rabbit spermatozoa would be 
expected to have reduced fertility relative to normal haploid spermatozoa because of one or more of 
the following reasons. Diploid spermatozoa may be dead or dying when ejaculated, or they may not 
survive as long as do haploid spermatozoa after ejaculation. The motility of diploid spermatozoa may 
be impaired or totally absent, resulting in poor penetration of the cervical mucus. Diploid and other 
abnormal spermatozoa may be 'filtered out' by the cervix, or the transport of diploid spermatozoa 
in the uteri and oviducts may be impaired or selectively inhibited because of their larger size. Physio-
logical mechanisms of the female tract may actively 'persecute' diploid spermatozoa because of their 
abnormality. Finally, even if they reach the site of fertilization, diploid spermatozoa may be unable to 
'7 
	
	capacitate or to undergo, or participate in,$ one or more of the various stages of the complex 
fertilization process. 
The present study was designed to determine whether diploid rabbit spermatozoa are as successful 
as haploids in reaching the site of fertilization, with special reference to any possible selectivity of 
sperm transport within the female reproductive tract. The intrinsic fertilizing ability of diploid 
spermatozoa will not he considered at the present time. 
Materials and Methods 
The highest recorded natural incidence of diploid spermatozoa in rabbits (about I 6) was found in 
young (20-40-week-old) bucks of the AD strain of dark chinchilla rabbits maintained at the Edin-
burgh Institute of Animal Genetics (Beatty & Fechheirner, 1972). The particular buck used in the 







Ejaculates were collected by artificial vagina and immediately split into two parts. The first part 
So 	was diluted at once with an equal volume of formol citrate (Dolt & Foster, 1975) and later further 
diluted (with the same diluento obtain a concentration of spermatozoa suitable for making 	 2 
7,f-1-io3in -€-o 	t-ni,c1 These were prepared by adding an equal volume of nigrosin-eosin 
(2 g eosin Yin 120 ml 10% nigrosin refluxed for 8 h) to the diluted semen and leaving the mixture for 
	
( 	5 niiii at room temperature (about 22CC) before smearing on clean microscope slides. The smears 
were allowed to dry in air and subsequently mounted with DPX. The second part of each ejaculate 
c• -e was used for evaluation of the semen by subjective estimates of sperm density and motility. From each 
ejaculate judged as 'good' (i.e. having a high sperm density and a high percentage of progressively 
motile spermatozoa) 10,000 spermatozoa were classed as haploid (whether live or dead), diploid 
live or diploid dead, and in a separate sampling 1000 haploid spermatozoa were classed as live or 
dead. In all classifications, spermatozoa showing any degree ofeosinophilia were classed as 'dead' and 
unstained spermatozoa were classed as 'live'. 
Survival of ejaculated spermatozoa in vitro 
Immediately after collection, one drop of an ejaculate was diluted with 3 drops of formol citrate 
and used to make nigrosin-eosin smears (as described above). The remainder was divided into three 
equal parts and each diluted with I ml 085 % saline, I ml 093 BM medium (Beatty, 1964) or I ml 
Hank's BSS and incubated at 37°C in sealed glass vials. Samples of 01 ml were taken from each vial 
after incubation for 0, 1, 2, 3,4, 5, 6 and 7 h, diluted with 1 ml formol citrate and centrifuged at 500 g 
for 10 mm. After resuspension in 2 drops of formol citrate, nigrosin-eosin smears were made of the 
spermatozoa. 
Two smears were made from each sample and after coding and randomization of all slides they 
were scored under oil immersion (at a magnification of xl250) for the percentage of eosinophilic 
spermatozoa in counts of haploid and diploid cells (100 of each per slide). 
Spermatozoa recovered from the female tract 
In each of 9 experiments semen was collected from the chosen buck and approximately J h later 
the buck was mated with a receptive doe. A further ejaculate was collected about J h later for com-
parison with that collected before mating. This frequency of ejaculation may have caused some 
temporary depletion of the buck's sperm reserves, but there were no significant differences in the 
proportion of diploid spermatozoa in the ejaculates collected before and after Coitus. Six hours after 
coitus the doe was killed by an overdose of Nembutal (Expiral: Abbott Laboratories Ltd, Queen-
borough, Kent) injected into the ear vein. The abdominal cavity was immediately opened and the 
reproductive tract divided into compartments with artery forceps. The uteri were isolated from the 
oviducts with 5 nun of death. There was no evidence of the "uterine pumping" described by Cohen 
& Werrctt (1975). After excision the female tract was placed in mammalian Ringer--Locke saline at 
37°C. 
The tract was dissected free of adnexa and divided into its various sections which were then 
flushed with either culture medium (Eagle's Medium with Earle's Balanced Salt Solution and 
H EPES buffer, Flow Labs) or phosphate-buffered saline (PBS Tablets: Oxoid) at 37C. The flushing 
media had a small amount of detergent added (I drop of I :5000 'Teepol' per 2 nil; see Braden, 1953) 
to improve sperm recovery. The flushings were centrifuged in siliconized tubes at 500 g for 20 mm 
and the spermatozoa resuspended in 2 ml formol citrate. The suspensions from the four regions of 
the female tract were then centrifuged again and resuspended in formol citrate: 3 drops were used 
for the uterine and cervical spermatozoa, and the vaginal spermatozoa were diluted to a suitable 
concentration so that after smearing the spermatozoa were not overcrowded. Five smears of each of 
these sperm suspensions were made on clean glass microslides and allowed to dry in air before 
fixation and staining (Casarett, 1953). The small volume of suspension left in each tube was used for 
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nigrosin-vosin preparations (see above). Oviductal spermatozoa were resuspended in 2 drops of 
distilled waler to burst contaminating red blood cells and then placed under coverslips with vaselined 
edges and scored by phase-contrast microscopy. 
Ten thousand spermatozoa (2000 from each of the 5 slides) from each of the pre- and post-coital 
ejaculates and the vaginal, cervical and uterine levels of the female tract, and also all of the spermato- 
zoa recovered from the oviducts were scored at a magnification of x500 for the percentage coid. )K 
Diploid spermatozoa were identified by their larger and more pear-shaped heads (see Bcatfl' & 
Fechheimcr, 1972; Carothers & Beatty, 1975). There was no variation in the identification of diids )< 
whether scored in nigrosin-eosin, Casarett or phase-contrast preparations. 
Results 
Ejaculated spermaro:oa 
The percentages of dead haploid and diploid spermatozoa in ejaculates subjectively judged as 
good' (see Materials and Methods), are shown in Table I. It is obvious from the invariably negative 
differences that more diploid than haploid spermatozoa were dead. The means and standard errors 
(from the unweighted percentages) are sufficient summaries of each column for the present purposes 
and show that although the percentage of dead diploid spermatozoa is almost three times that of 
haploids, it is substantially less than 100%,  and many diploid rabbit spermatozoa must therefore be 
alive when ejaculated. The discrepancy between the present (higher) values and those of Beatty & 
Fechheimer (1972) is most probably due to the use of formol citrate as a preservative in the present 
study. 
Table 1. Percentages of eosinophilic (presumed dead) haploid and diploid sperma- 
tozoa in ejaculates from/--q  AD strain buck over the period of study 	 /&h/ 
% eosinophilic 
Ejaculate Haploid only 	Diploid only 
sample (n = 1000) (n = 168-226) Difference 
6-5 	 330 -26-5 
2 9-0 21-5 -12-5 
3 10-0 	 270 -170 
4 12-0 295 -17-5 
5 20-0 	 37•0 -17-0 
6 10-5 30-5 -20-0 
7 21-0 	 36-5 -15-5 
8 1010 27-5 -17-5 
9 23-5 	 44-0 -205 
10 100 49-5 -39-5 
II 18-0 	 42-0 -240 
12 25-5 52-5 -27-0 
13 155 	 37-0 -21-5 
14 1110 37-0 -26-0 
15 18-0 	 43-0 -25-0 
Mean ± S.E.M, 1470 ± 1-53 	36-50 ± 223 -21-8 ± 1-70 
Survival of ejaculated spermato-zoa in vitro 
Linear regressions of the ratios in Table 2 on time (giving equal weight to each ratio) gave fitted 
lines whose slopes did not differ significantly from zero, showing that diploid rabbit spermatozoa 
hase the same mortality rate as haploids when incubated in these three media. The proportion of 
live diploid spermatozoa in the ejaculate does not therefore vary for at least 7 h after ejaculation. 
004 	 D. /sforti,ner 
Table 2. Survival of diploid relatise to haploid spermatozoa when incubated in 
various media at 37C 
Percentage reLitise survival 	of diploids in: 
Time (h) 0-85 	NaCl 	093 I41M medium Hank's BSS 
0 73-8 	 704 78-4 
84-0 72-4 82-6 
2 83-4 	 744 69-I 
3 82-4 66-5 72-6 
4 83-I 	 74-7 73-3 
5 81-8 78-1 777 
6 74-I 	 72-4 749 
7 717 76-9 71-8 
Mean ± S.E. 79-29 	± 181 	73-23 	± 131 7505 	± 1-53 
Slope 
± S.E. L0813 ± 0-788 	+0771 ± 0529 —0693 ± 0-661 
% live among diploids only * Percentage relative survival =  100. 
/ live among haploids only 
Spermatozoa recocered front the female tract 
The results from nine experiments summarized in Table 3(a), show that at 6 hpost co/turn there is 
a large reduction in the percentage of diploid spermatozoa in the cervix and uterus compared to that 
in the mean ejaculate. The apparent further fall in the incidence of diploid spermatozoa in the oviducts 
was not statistically significant (P> 0-05). However, a 2 x 2 heterogeneity x2  test on the numbers of 
diploid and haploid spermatozoa scored from the ejaculates (3554 and 176,446 respectively) and 
from the oviducts (6 and 2003) showed that the difference in the incidence of diploid spermatozoa is 
significant at the 0-1 % level. 
When the proportions of live and dead spermatozoa recovered from the female tract were scored 
from nigrosin-eosin preparations, values for the incidence of diploids amongst live spermatozoa 
only could be estimated for all sources (Table 3b) except the oviducts, because these flushings had at 
one stage been resuspended in distilled water (see Materials and Methods). These results indicate that 
the survival of diploid spermatozoa is impaired in the female tract, although it has not been proved 
that nigrosin-eosin staining is still a valid technique for the differentiation of  ive and dead spermatozoa 
after they have been recovered from the female tract. 
Observations on spermatozoa with two tails (the incidence and degrees of fusion between the two 
tails being variable) showed that such spermatozoa were not very successful in traversing, or even 
penetrating, the cervix (Table 3c), most probably because many of this small population of double-
tailed spermatozoa were found to be far less motile than most of those with single tails. 
Table 3. Distribution of diploid and double-tailed spermatozoa in the reproductive tract of the female rabbit 6 h 
post coltum 
Mean 
ejaculate 	Vagina Cervix 	Uterus 	Oviducts 
Diploid spermatozoa (%) 	1-974 ± 0 , 046 	1-251 ± 0119 0-764 ± 0.133 	0842 ± 0072 	0299 ± 0.120 
Live diploid spermatozoa 
(as % of all live sperm.) 	1-431 ± 0-051 	1-037+0-132 0-554+0.088 	0605 ± 0108 	N. D. 
Double-tailed spermatozoa 
j (±1 
(as % of all sperm.) 
Haploid 	 0-192±0015 	0070±0015 0-0130006 	0006±0004 	0-0 
f Diploid 0658 ± 0030 	0-260±0-045 0-066±0 - 012 	0-010 ± 0-005 0-0 
Values are means of 9 experiments with standard errors based on discrepancies between experiments, except for 
diploid spermatozoa in the oviducts, the S.E. of which is based on the expectation ofa Poisson distribution for data 
summed over all experiments. N.D. = not determined. 
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Table 4. Relative incidence of diploids among 
spermatozoa in the uterus andcervix (iii post coit,1,, 
in 9 experiments as the buck aged 
% 2N in uterus 
Age of buck 
Exp. 	2N in cervix 	(weeks) 
200 	 56 
2 	 228 68 
3 210 	 71 
4 	 107 83 
5 156 	 84 
6 	 092 85 
7 066 	 86 
8 	 059 87 
9 lOG 	 90 
The results presented in Table 4 show how the incidence of diploid spermatozoa in the uterus, 
relative to that in the cervi,' varied between matings. There is a positive correlation (P< 0001) 
between the ratio and the a' of the buck at the time of each experiment. 
Discussion 
At ejaculation the percentage of eosinophilic cells (presumed dead) is higher among diploid than 
haploid spermatozoa (Table I), but many diploids are alive at that time. After ejaculation diploids 
and haploids would appear to be equally viable since the relative percentage of live diploids remained 
unchanged for up to 7 h in vitro (Table 2), although there is a progressive reduction in the incidence of 
live diploids as they ascend the female tract (Table 3b). However, if diploid spermatozoa do not 
contribute to the production of triploid zygotes then some selectivity of sperm transport must be 
involved to exclude them from the site of fertilization (assuming them to be capable of fertilizing an 
egg). 
The populations of spermatozoa recovered from the higher regions of the female tract have been 
compared to those of the original ejaculate (i.e. the 'mean ejaculate' results), because it has been shown 
that the cervical sperm reservoir is built up from the vaginal sperm pool within 5 rnin of coitus 
(Bedford, 1971). Therefore the incidence of diploids among the isolated population of superfluous 
spermatozoa in the vagina 6 h after coitus cannot be considered as relevant to the distribution of 
diploids higher in the tract. A large significant reduction in the incidence of diploid spermatozoa has 
been demonstrated between the ejaculate and the uterus, showing that the cervix is a major barrier 
to such spermatozoa. Sperm transport through the cervix has been well documented in various 
species (for reviews sec Blandau, 1969, 1973; Bedford, 1972; Mattnei, 1973; Moghissi, 1973; 
Ahlgren, Boström & Malmqvist, 1974), and it seems that intrinsic sperm motility is the most probable 
means whereby the majority of spermatozoa penetrate the cervix. There is no evidence that the 
cervix can 'recognize' or eliminate abnormal spermatozoa, although the physico-chemical structure 
and properties of cervical mucus (for reviews see Odeblad, 1968, 1973) provide a system in which 
selection dependent upon sperm motility coul3tke place (see Tampion & Gibbons, 1962; Morton 
/- 	& Glover, 1974). 
As the buck aged there was a reduction in the ratio of the incidence of diploid spermatozoa in the 
uterus compared to the cervix (see Table 4). This may indicate it decline with increasing age of the 
buck's coital performance which would in turn cause inter-mating variability in the itiduetion of a 
brief phase of rapid sperm transport associated with coitus. The likelihood of alternative explanations 
must be reduced by the lack of a corresponding trend in the percentage dead among ejaculated 
diploid spermatozoa over the same period (see Table I). 
1< rzanowska (1974) reported that the Literotuhal junction was a harrier to presumed diploid 
mouse spermatozoa, and the present study shows that in the rabbit it effects a reduction in the 




incidence of lise' diploid spermatozoa has been reduced from an initial 14% in the ejaculate to a 
maximum of 03% in those spermatozoa in the os iducts. This latter value must represent a maximum 
because it represents the improbable situation of all spermatozoa in the oviducts being alive. These 
figures reveal a large and highly significant reduction in the incidence of diploid spermatozoa at the 
site of fertilization (6 IT post coiflun) compared to that in the ejaculate, although it is insufficient per se 
to preclude the production of diandric triploids due to the fertilization of normal oocytes by diploid 
spermatozoa. 
This work was supported by a grant from the Ford Foundation and constitutes part of a thesis to 
be submitted for the degree of Ph.D. to the University of Edinburgh. The author is grateful to his 
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ABBREVIATIONS USED IN LABELLING PLATES 
acr 	= acrosome 
api 	= acrosome-postacrosomal sheath junction 
bc 	= basal cords 	(of postacrosomal sheath) 
bp = 	basal plate 
bs = 	basal surface of head 
cp = 	connecting piece (of neck) 
es = 	equatorial segment (of acrosome) 
jam = 	inner acrosomal membrane 
if = 	implantation fossa 
mt = 	marginal thickening of acrosome 
ne = 	nuclear envelope 
nuc = nucleus 
oam = outer acrosomal membrane 
pas = postacrosomal sheath 
pf = perforatorium (part of perinuclear substance) 
p1 = plasmalemma 
pns = perinuclear substance (cytoplasmic element) 
pr = posterior ring 
PS = parallel striations (of postacrosomal sheath) 
sab = subacrcsomal bulges (of perinuclear substance) 
sc = striated columns (of connecting piece) 
x 	= more coarse semicircular area of oam of equatorial segment 
= localised distention of the acrosome 
= outer acrosomal membrane visible through hole in plasmalemma 
